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Deciphering the gene regulatory network (GRN) underlying skeletal cells is key to understanding 
the differentiation and even origins of cartilage and bone, but current knowledge is limited to a few 
candidate genes.  The vertebrate skeleton is mostly composed of three specific cell types: immature 
chondrocytes (IMM), mature (hypertrophic) chondrocytes (MAT), and osteoblasts (OST). 
Importantly, mature chondrocytes share the expression of many genes with both immature 
chondrocytes and osteoblasts. Currently little is known about mechanisms of gene regulation in 
mature chondrocytes, but previous studies suggest that overlapping actions between portions of the 
GRN active in IMM and OST direct the differentiation of MAT. While one GRN might give rise to 
distinct cell fates, studies analyzing the interaction between distinct portions of a GRN during cell 
differentiation are lacking.  Immature chondrocytes, mature chondrocytes, and osteoblasts can have 
distinct embryological origins, mesoderm and neural crest, but the similarities in gene expression 
among skeletal cells of these two embryonic lineages remain controversial.  Here, we aim to test the 
hypothesis that the skeletal cell GRN is generally conserved throughout the body and across 
vertebrate clades, but the molecular relationship between portions of this GRN active in IMM and 
OST has been modified during evolution (i.e. positive in earlier diverged vertebrates vs antagonistic 
in later diverged vertebrates). To test this hypothesis, laser- capture microdissection (LCM) coupled 
to RNA-seq was performed on skeletal cells (i.e. immature chondrocytes, mature chondrocytes, and 
osteoblasts) of mouse, chick, and gar. The hypothesis was partially supported by our results. First, 
transcriptomic analyses on a single species, the mouse embryo, suggested that one GRN drives the 
differentiation of IMM, MAT, and OST, and the overlapping actions of portions of this GRN active 
in IMM and OST regulate MAT differentiation. Second, to test whether this skeletal cell GRN is 
conserved throughout the body, limb (humerus, mesoderm-derived) and head cartilage 
(ceratobranchial, neural-crest derived) isolated from the chick embryo were compared and their 
transcriptomes showed a high degree of similarity. Third, regarding bone evolution, previous 
molecular studies suggest that gar OST express higher levels of chondrocyte genes (e.g. Sox9, 
Col2a1, and Col10a1) compared to mouse and chick OST, suggesting that the osteoblast might have 
evolved from a chondrocyte. To further test this hypothesis, several bioinformatic approaches 
including differential gene expression, model-based clustering, and gene ontology analyses were 





higher levels of some hallmark chondrogenic markers including Col2a1, Sox6, Col10a1, and Acan 
compared to mouse or chick OST.  Moreover, model-based clustering analysis revealed one cluster 
that showed higher expression in the gar OST and included the hallmark mature chondrocyte gene 
Col10a1. Finally, with the goal of understanding how changes in GRNs underlie skeletal cell 
evolution, gene co-expression network (GCN) analysis was used to estimate skeletal cell GRNs. In 
mouse and chick, two portions of the GRN driving IMM and OST exhibit an antagonistic 
relationship, and they only interacted positively in MAT. In contrast, GCN analysis in gar skeletal 
cells showed that positive interactions between IMM and OST increased, supporting the hypothesis 
that the relationship between portions of the GRN active in IMM and OST has been modified over 
time. To provide insight into how portions of the GRN might regulate gene expression in MAT, 
model-based cluster analysis was performed, and specific categories of gene expression were 
identified. These categories of gene expression were conserved to some degree in skeletal cell 
transcriptomes of all vertebrate clades, but when gar skeletal cell transcriptomes were analyzed more 
clusters showed downregulation of gene expression levels in MAT compared to IMM and OST, 
while IMM and OST exhibited similar expression levels. This result in gar was particularly 
unexpected since results in mouse and chick showed that IMM and OST generally show opposite 
gene expression patterns, and MAT is mostly a combination of gene expression levels between both 
cell types. Adding more phylogenetic clades into these evolutionary comparisons will provide more 
insight into skeletal cell GRN regulation and structure.  These results highlight the complexity of 
skeletal cell GRN organization and propose a novel unbiased approach through which to understand 
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CHAPTER 1. Introduction 
 
The intent of the present chapter is to communicate the overall organization of the thesis in 
terms of chapter content and context to thesis, and to highlight my contributions in collaborative 
projects included in each chapter. This thesis is organized in the form of a manuscript-based 
document. It is composed of seven chapters and two appendices. Since each chapter was treated as 
a separate manuscript and sections of specific chapters include overlapping information with other 
chapters, in rare cases the same data and/or figures were included in different chapters to facilitate 
comparisons. Chapter 2 summarizes basic information on what is currently known about the 
development and evolution of skeletal cells in order to test the idea that skeletal cell types evolve, 
just as skeletal morphology does. The information included in this manuscript provides general 
background to understand Chapters 3, 4, 5, and 6. Chapter 2 has been published in Frontiers in 
Genetics: Gomez-Picos P and Eames BF. On the evolutionary relationship between chondrocytes 
and osteoblasts. Front Genet. 2015 Sep 23;6:297. doi: 10.3389/fgene.2015.00297. I performed an 
extensive literature review and co-authored with my supervisor Dr. Brian Eames who guided me 
through this process. In this review, we explain how most of the vertebrate skeleton is composed of 
three skeletal cell types: immature chondrocytes (IMM), mature chondrocytes (MAT), and 
osteoblasts (OST). The differentiation of these three skeletal cell types is driven by a gene regulatory 
network (GRN), which is defined as a set of genes that interact and underlie a given biological 
process (Davidson and Erwin 2006; Peter and Davidson 2011). In Chapter 2, we explore different 
scenarios on the evolution of the osteoblast GRN, a vertebrate evolutionary novelty. To do this, we 
present findings from traditional studies of the fossil record, embryology, and comparative anatomy, 
as well as modern molecular studies, which clearly show that immature cartilage evolved before 
mature cartilage or bone. We also propose that in order to reveal evolutionary origins of skeletal 
cells, particularly the osteoblast, GRNs in different clades need to be revealed and compared using 
comparative transcriptomics, which allows to quantitatively measure constraint and adaptation 
within skeletal cell GRNs. Evidence of constraint can be inferred when transcriptomes are conserved 
among different skeletal cell types or vertebrate clades, whereas adaptation can be seen when 





Following up on the proposal in the review paper of chapter 2, in chapter 3 we developed a 
novel experimental model using comparative transcriptomics to analyze in vivo GRN organization 
and interaction globally in skeletal cells of a single species: the mouse embryo. This chapter is based 
on manuscript that is currently in preparation: Gomez-Picos P, Ovens K, Ashique AM, Whalen M, 
Eskiw CH, McQuillan I, and Eames BF. Portions of the Gene Regulatory Network driving cartilage 
and bone formation interact via averaging and synergism during cartilage maturation. Specific aims 
for this chapter include: (1) a histological analysis of skeletal elements/cell types in the mouse 
embryo, (2) to capture IMM, MAT, and OST from mouse skeletal tissues, (3) to identify and 
compare transcriptomic profiles of IMM, MAT, and OST in mice (4) to reveal the GRN driving the 
differentiation of IMM, MAT, and OST and verify regulatory connections between hallmark 
candidate genes in these three skeletal cell types, (5) to validate the expression of classic and novel 
mature cartilage genes, (6) to analyze possible mechanisms of GRN regulation driving the 
differentiation of MAT, and (7) to functionally validate putative novel transcription factors in mature 
chondrocytes using ATDC5 cells. Although most of the bioinformatic data was generated in 
collaboration with our colleagues in the Department of Computer Science, MSc student Katie Ovens 
and her supervisor Dr. Ian McQuillan, I also contributed to these analyses by performing gene 
ontology in the gene lists generated. I did an extensive literature review for the introduction and 
discussion part which allowed me to write most of the manuscript. Furthermore, I applied the 
knowledge I gained in the ‘Gene Regulatory Networks for Development’, course that I took at the 
Marine Biological Laboratories (MBL) in Woods Hole Massachusetts in 2016. I was able to confirm 
many of the regulatory interactions using published work involving molecular genetic experiments 
using skeletal cells. Once these interactions were confirmed, I included them in the BioTapestry 
software and constructed a validated skeletal cell GRN. Laser-capture microdissection (LCM) on 
mouse skeletal tissues was performed by Dr. Amir Ashique, but I performed all the histological and 
molecular techniques, such as in situ hybridization, DNA digestions and purifications, cell culture 
experiments, transfections, and immunohistochemistry. 
Using skeletal cells in vivo we focused on the idea that one GRN directs the differentiation 







Figure 1. A GRN drives the differentiation of skeletal cells and distinct portions are active in each cell type. A 
Sox9-mediated GRN is active in IMM, a Runx2-mediated GRN is active in OST, and both programs are active in MAT. 
 
 
Specifically, we hypothesize that two distinct portions of the GRN directing IMM and OST interact 
during the formation of MAT. To test this hypothesis, IMM, MAT, and OST were collected from 
mouse E14.5 skeletal tissues and then mRNA was extracted and processed for RNA-seq in order to 
characterize transcriptomic profiles of these skeletal cell types. Several findings supported the 
hypothesis. Gene co-expression network (GCN) analyses revealed that a portion of the GRN drives 
IMM, a portion of the GRN drives OST, and both transcriptional programs (i.e. portions of the 
GRN) operate in MAT. Model-based clustering provided insight into regulatory control of MAT. 
Some genes in MAT had expression levels similar to IMM or OST, suggesting that portions of the 
GRN active in IMM or OST are independently regulating the expression of distinct genes in MAT. 
Other genes had expression levels that represented an averaging or synergy between levels in the 
IMM and OST, suggesting that portions of the GRN directing IMM and OST are interacting in 
MAT. Besides providing insight into GRN structure and interaction, our approach identified novel 





cell line ATDC5.  
IMM, MAT, and OST can all have two distinct embryonic origins, mesoderm and neural 
crest, depending on their location in the body, but the degree of similarity between these two 
embryonic lineages is still debatable. A great portion of the cranial skeleton such as the pharyngeal 
skeleton is of neural crest origin, whereas the axial skeleton including rib cage and vertebral column 
as well as the appendicular limb skeleton derives from the mesoderm. In chapter 4, we present a 
transcriptomic comparison between chick chondrocytes isolated from the limb (i.e. humerus) and 
head (i.e. ceratobranchial), which have two distinct embryological origins, mesoderm and neural 
crest, respectively. The same cells were used for subsequent evolutionary comparisons presented in 
chapter 6. To test the hypothesis that mesoderm- and neural crest-derived cartilage transcriptomes 
are conserved, we isolated immature and mature chondrocytes from the chick humerus and 
ceratobranchial using LCM, and their transcriptomes were compiled and compared. Specific 
objectives for this chapter include: (1) to make a histological characterization of chick skeletal 
tissues, (2) to capture IMM and MAT from the chick humerus and ceratobranchial using LCM,  and 
(3) to obtain and compare chondrocyte (IMM and MAT) transcriptomes derived from the mesoderm 
and the neural crest. First, I performed a histological characterization of chick humerus and 
ceratobranchial in order to identify skeletal cells of interest (i.e. IMM and MAT). Then, I collected 
chick IMM and MAT from both the humerus and the ceratobranchial using LCM, extracted and 
amplified mRNA which was then submitted for RNA-seq. Again, most of the transcriptomic data 
was generated in collaboration with Katie Ovens, but I performed gene ontology analysis to identify 
biological processes and genes of interest that allowed me to derive insights into fundamental 
biological processes. In general, our data shows that there is a high degree of similarity between 
transcriptomes of mesoderm- and neural crest-derived chondrocytes, but a few differences in gene 
expression were also identified. The data presented in this chapter are still preliminary and additional 
analyses are needed for publication purposes. 
Regarding OST evolution, in chapter 5, we made an evolutionary comparison between 
mouse, chick, and gar osteoblasts. Here, we aimed to test the hypothesis that gar osteoblasts express 
higher levels of ‘chondrogenic’ genes compared to tetrapod (i.e. mouse and chick) osteoblasts. A 
manuscript focusing on the osteoblast data is currently in preparation: Gomez-Picos P, Ovens K, 
Nguyen JKB, McQuillan I, and Eames BF. Comparative transcriptomics reveals the core gene 





in gar bone. Specific aims for this chapter include: (1) to make a histological characterization of 
mouse, chick, and gar dentary bones in order to identify osteoblasts, (2) to isolate osteoblasts of 
chick and gar bones using LCM (mouse OST were the same ones used for analyses presented in 
chapter 3, LCM credit: Dr. Amir Ashique), (3) to reveal the conserved set of genes driving OST 
differentiation and validate regulatory interactions using published literature, and (4) to make an 
evolutionary comparison between fish and tetrapod bones using bioinformatic approaches. To fulfill 
these objectives, I performed histological analyses (i.e. whole mount and section histology) on 
mouse, chick, and gar bones in order to identify osteoblasts. Then, I isolated osteoblasts from the 
dentary bone, a homologous element in mouse, chick, and gar (the same cells were used for 
evolutionary comparisons in chapter 6). Bioinformatic data again was generated in collaboration 
with Katie Ovens, but using BioTapestry software coupled to gene ontology analyses, I constructed 
an osteoblast gene regulatory network by validating regulatory connections using molecular 
published work. In general, our analyses supported the hypothesis. Indeed, gar OST expressed 
higher levels of some hallmark chondrogenic genes including Col2a1, Sox6, Ihh, Col10a1, and 
Col9a1 compared to mouse or chick. The results presented in this chapter are at a preliminary stage 
and more transgenic and molecular experiments are needed in order to be published. Adding a 
transitional water-to-land animal, such an anuran could help to shed light into these comparisons.   
Following up the results in mouse skeletal cells discussed in chapter 3, in chapter 6, we 
explored the organization and regulation of skeletal cell GRNs in different vertebrate clades in order 
to provide insights into their evolution. Here, we aimed to test the hypothesis that skeletal cell GRN 
structure and regulatory control of gene expression in MAT are conserved across vertebrates. 
Specific objectives for Chapter 6 include: (1) a histological analysis of skeletal elements/tissues 
during the embryonic development of chick and gar, (2) identification and comparative 
transcriptomic profiles of IMM, MAT, and OST in mouse, chick, and gar,  (3) a comparative GRN 
structural analysis between homologous skeletal cells in mouse, chick, and gar, (4) a determination 
of whether mechanisms of GRN regulation in MAT are conserved between the three species 
analyzed. To fulfill these objectives, transcriptomes of homologous skeletal cell types between 
mouse (Mus musculus), chick (Gallus gallus), and gar (Lepisosteus oculatus), which represent three 
of the main vertebrate clades, were compiled and compared (Fig. 2).  For these evolutionary 
comparisons we analyzed osteoblasts isolated from the dentary, a neural crest-derived skeletal 





two distinct locations, the humerus and/or the ceratobranchial/ceratohyal, which are mesoderm- or 
neural crest-derived, respectively. Since the mouse does not have large pharyngeal cartilage that 
matures, we were not able to isolate a homologous element to the ceratobranchial/ceratohyal.   
 
 
Figure 2. Identifying conserved and species-specific portions of the skeletal cell GRN could provide insight into 
evolution. (A) Mouse, chick, and gar skeletal cell transcriptomes, which represent three of the main phylogenetic clades, 
were analyzed and compared in this study. (B) Phylogenetic tree showing the time of divergence of different animal 
clades. While the most recent common ancestor between mouse and chick existed ~312 MYA, the most recent common 
ancestor between gar, mouse, and chick existed ~430 MYA. The tree was generated in Timetree 
(http://www.timetree.org/; Kumar et al. 2017). Abbreviations: S, Silurian; VIS, Visean; MIS, Mississipian; PEN, 




I dissected and embedded skeletal elements in optimal cutting temperature compound (OCT), 
including the dentary, humerus, and ceratobranchial from chick and the dentary and ceratohyal for 
gar, and then collected frozen tissue sections which were used to do histological and molecular 
experiments. LCM was performed on frozen sections of skeletal tissues in order to collect IMM, 





RNA-seq. Mouse skeletal cells (IMM, MAT, and OST) were also used for analysis presented in 
chapter 3, chick chondrocytes (IMM and MAT) were also used for transcriptomic analyses in 
chapter 4, and  mouse, chick and gar OST were also the same ones used for the evolutionary 
comparisons presented in chapter 5.  Moreover, I performed in situ hybridizations experiments on 
conserved mature chondrocyte genes between mouse and chick. Furthermore, I was involved in 
analyzing the bioinformatic data generated by my colleague Katie Ovens, performed several gene 
ontology analyses and literature review in order to make a biological interpretation of the data. In 
general, our results partially supported our hypotheses. GRN structure and regulation is conserved 
to some extent in skeletal cells of all different species analyzed, but also important differences were 
revealed. Although analyses in chapter 4 showed that the transcriptomes of chick chondrocytes of 
distinct embryonic origins are highly conserved, differences in GRN structure were noted when 
chick neural crest vs mesoderm-derived tissues were compared. GRN structure was also conserved 
in gar when homologous neural crest-derived skeletal elements were analyzed, suggesting that 
embryonic origin might influence GRN topology. 
In chapter 7, I summarize the findings of this thesis overall, limitations of experiments, and 
future directions for the present project. Finally, two appendices were included at the end of the 
thesis. The first appendix summarizes my contributions to a project focused on the development of 
frog skeletal tissues using Xenopus tropicalis as a model organism.  During my PhD, I had the 
opportunity to train my first summer student, Yiwen Liu, who then spent one year at the lab working 
on her 401 project under my supervision. Together we started the X. tropicalis project. I taught her 
sample collection procedures, histological techniques (whole mount and section histology), 
cryosectioning and helped her setting up the crossing system. Then, I had the fortune to supervise 
Jason Nguyen during his Masters project, who greatly improved the crossing system that we had 
previously established. I taught him sample collection procedures, histological and molecular 
techniques, including DNA and RNA purification, RNA probe synthesis via in vitro transcription, 
and in situ hybridization. I also spent some time training him to do laser capture microdissection in 
X.tropicalis skeletal tissues.  His samples have been already submitted for RNA-seq, and we are 
planning to include these data into our OST evolution paper, in order to make comparisons more 
robust. The second appendix includes a book chapter recently published: Eames BF, Gomez-Picos 
P, and Jandzik D (2020). On the Evolution of Skeletal Cells before and after Neural Crest. In Eames 





Boca Raton: CRC Press, https://doi.org/10.1201/b22096. Using the fossil record, comparative, 
anatomy, and molecular genetics we analyze how skeletal tissues evolved relative to the neural crest, 
and we discuss different scenarios on the evolution of the GRN driving cartilage and bone. In the 
case of cartilage, we proposed two different scenarios: (a) cartilage evolved from acellular cartilage 
and (b) cartilage evolved from chordoid tissue. For bone, we proposed three different scenarios: (a) 
bone evolved from a deuterostome mineralization GRN, (b) bone evolved from a dentin/enamel 
GRN, and (c) bone evolved from a mature cartilage GRN. Specifically, I contributed to writing 
sections VI and VII which discuss these possible scenarios for the evolution of the GRNs driving 








































Review paper; On the evolutionary relationship between chondrocytes and osteoblasts 
(published in Front Genet. 2015 Sep 23;6:297. doi: 10.3389/fgene.2015.00297) 
 























Vertebrates are the only animals that produce bone, but the molecular genetic basis for this 
evolutionary novelty remains obscure. Here, we synthesize information from traditional 
evolutionary and modern molecular genetic studies in order to generate a working hypothesis on the 
evolution of the gene regulatory network (GRN) underlying bone formation. Since transcription 
factors are often core components of GRNs (i.e., kernels), we focus our analyses on Sox9 and Runx2. 
Our argument centers on three skeletal tissues that comprise the majority of the vertebrate skeleton: 
immature cartilage, mature cartilage, and bone. Immature cartilage is produced during early stages 
of cartilage differentiation and can persist into adulthood, whereas mature cartilage undergoes 
additional stages of differentiation, including hypertrophy and mineralization. Functionally, 
histologically, and embryologically, these three skeletal tissues are very similar, yet unique, 
suggesting that one might have evolved from another. Traditional studies of the fossil record, 
comparative anatomy and embryology demonstrate clearly that immature cartilage evolved before 
mature cartilage or bone. Modern molecular approaches show that the GRNs regulating 
differentiation of these three skeletal cell fates are similar, yet unique, just like the functional and 
histological features of the tissues themselves. Intriguingly, the Sox9 GRN driving cartilage 
formation appears to be dominant to the Runx2 GRN of bone. Emphasizing an embryological and 
evolutionary transcriptomic view, we hypothesize that the Runx2 GRN underlying bone formation 
was co-opted from mature cartilage. We discuss how modern molecular genetic experiments, such 
as comparative transcriptomics, can test this hypothesis directly, meanwhile permitting levels of 
constraint and adaptation to be evaluated quantitatively. Therefore, comparative transcriptomics 
may revolutionize understanding of not only the clade-specific evolution of skeletal cells, but also 







2.2. Introduction: cartilage and bone might share an evolutionary history 
 
Most of evolutionary theory has focused on studies of morphological change 
(morphogenesis) among taxa, but the formation of tissue types (histogenesis) also can evolve in 
clade-specific manners. Therefore, we focus our attention on a relatively understudied subject of 
evolutionary research: the evolution of histogenesis. A classic problem in evolutionary theory is to 
explain novelties, or traits with no clear ancestral antecedent (Shubin 2002; Moczek 2008; Wagner 
and Lynch 2010). For example, vertebrates are the only animals that produce bone, but so far, the 
molecular genetic basis for this evolutionary novelty remains obscure. Here, we synthesize 
information from traditional evolutionary and modern molecular studies in order to generate a 
working hypothesis on the evolution of the genetic system underlying bone formation. Many studies 
argue that bone evolved from dentine (Kawasaki et al. 2004; Wagner and Aspenberg 2011). 
However using molecular genetic and embryological arguments that favor gradualism over 
saltationism (Gould 2002), we hypothesize that bone (and perhaps all mineralizing tissues, such as 
dentine) appeared during evolution by co-opting a gene regulatory network (GRN) that was under 
prior natural selection to mineralize cartilage. In order to present an argument for skeletal tissue 
development and evolution over the past 500 million years, we make some generalizations that may 
trouble some readers, of whom we ask their indulgence, hoping that such generalizations help to 
reveal broader trends during the evolution of skeletal tissues. 
An introductory look at the similarities and differences among cartilage and bone suggests 
that the underlying GRNs may be related. Cartilage and bone are specialized connective tissues that 
provide form and structural support to the body, protect vital organs, and play a crucial role in 
locomotion through muscle attachments (Gray 2001). Despite these similarities, they also have 
distinct functions (Fig. 3). Cartilage typically offers a flexible structure to support soft tissues and 
also to serve as a load-bearing surface between bones. On the other hand, bone is a hard, rigid 
structure that protects vital organs and acts as a storage site for minerals, such as calcium and 
phosphorus (Smith and Hall 1990a; Volkmann and Baluska 2006). Also unlike cartilage, which has 
almost no capacity for regeneration, bone is a highly dynamic structure that undergoes constant 
remodeling, preserving bone strength and regulating calcium homeostasis (Datta et al. 2008). 
Perhaps related to regenerative capacity, these tissues differ in vascularity. Bone is highly 





vascularization occur. Mature cartilage in tetrapods often is invaded by vasculature as it degrades, 
creating the marrow cavity (Johnson 1980; Roach 1997; Stricker et al. 2002; Ortega et al. 2004; 
Moriishi et al. 2005), and even immature cartilage is highly vascularized near articulating surfaces 
in some avian and mammalian species (Ytrehus et al. 2004; Blumer et al. 2005). When cartilage 
extracellular matrix (ECM) undergoes mineralization, its functions change. In some vertebrates, 
such as sharks, mineralized cartilage can serve as the major rigid structural support for the body, 
meanwhile providing a mineral reservoir (Daniel 1926; Kemp and Westrin 1979; Eames et al. 2007). 
In most extant vertebrates, however, mineralized cartilage mainly serves as a scaffold during 
endochondral ossification, outlined below. 
During embryonic development, cartilage and bone formation share many features (Fig. 3). 
Both cartilage and bone are differentiated from common mesenchymal (osteochondral) progenitor 
cells (Fang and Hall 1997; Day et al. 2005; Hill et al. 2005). Both cartilage and bone initiate overt 
differentiation by aggregating mesenchymal cells into condensations, which can go on directly to 
secrete cartilage- or bone-specific matrix (Hall and Miyake 1995; Hall and Miyake 2000; 
Kronenberg 2003; Day et al. 2005). However a unique feature of bone formation is that, in addition 
to differentiating directly from an osteogenic condensation (intramembranous ossification), bone 
also forms on a pre-existing cartilage template (endochondral ossification). Endochondral 
ossification actually involves the formation of the three skeletal tissues that comprise the majority 
of the extant vertebrate skeleton: immature cartilage, mature cartilage and bone (Eames et al. 2003; 
Eames and Helms 2004; Eames et al. 2004). Some cartilage remains throughout development at the 
growth plates and throughout life at articular surfaces (we term this immature cartilage). Most of the 
cartilage produced during endochondral ossification, however, undergoes a series of changes, 
termed maturation (thus the terms immature vs. mature cartilage). In most vertebrates, cartilage 
maturation involves cell hypertrophy, matrix mineralization, cell death, and matrix degradation 
(Leboy et al. 1988; Hatori et al. 1995; Takeda et al. 2001; Miura et al. 2008). Although exceptions 
exist (Thorogood 1988; Hirasawa and Kuratani 2015), endochondral ossification typically gives rise 
to the bones of the endoskeleton, such as the chondrocranium or limb skeleton, whereas 
intramembranous ossification produces the exoskeleton, such as lateral plates in teleosts or the 
calvarium (Smith and Hall 1990). 
Histologically, immature cartilage, mature cartilage, and bone are very similar, yet each also has 






Figure 3. Similarities and differences among immature cartilage, mature cartilage, and bone suggest that these 
three skeletal tissues share an evolutionary story. 
 
 
All three skeletal tissues are composed of cells embedded in an ECM that is rich in collagens 
and proteoglycans (Hardingham 1981; Eames et al. 2003a; Eames and Helms 2004; Eames et al. 
2004; Gentili and Cancedda 2009). Immature cartilage is formed by chondrocytes that deposit a 
network of loose collagen fibers and a rich substance of proteoglycans, whereas chondrocytes of 
mature cartilage alter the immature cartilage ECM by decreasing its proteoglycan sulfation and 





requirement of proteoglycan degradation for mature cartilage ECM mineralization is debated 
(Hirschman and Dziewiatkowski 1966; Granda and Posner 1971; Poole et al. 1982; Campo and 
Romano 1986). Bone is formed by osteoblasts that produce an ECM of tightly wound and highly 
cross-linked collagen fibers, and bone ECM has lower levels of proteoglycans than cartilage (Gentili 
and Cancedda 2009). As a result of these collagen and proteoglycan concentrations, these three 
skeletal tissues have overlapping and unique histological staining patterns. High concentrations of 
sulfated proteoglycans cause immature cartilage to stain with Alcian blue and Safranin O (by 
comparison, mature cartilage and bone bind these dyes with decreasing intensity, respectively). The 
tightly wound collagen fibers of bone stain with Direct red and Aniline blue (by comparison, loose 
collagen fibers of cartilage matrix bind these dyes with lower intensity; Villanueva et al. 1983; Hall 
1986; Eames and Helms 2004; Eames et al. 2004; Eames et al. 2007). Alizarin red can stain 
mineralized tissues of mature cartilage and bone (Hogg 1982; Kirsch et al. 1997; Eames and Helms 
2004; Eames et al. 2007).   
Immature cartilage, mature cartilage, and bone have overlapping, but distinct, gene and 
protein expression profiles; Fig. 3). All these skeletal tissues express Collagen 11 and the 
proteoglycans Biglycan and Decorin (Li et al. 1998; Knudson and Knudson 2001; Rees et al. 2001; 
Roughley 2006).  Immature cartilage expresses high levels of Collagens 2 and 9, as well as the 
proteoglycans Aggrecan, Fibromodulin, and Epiphycan, which distribute growth factors and provide 
swelling pressure due to water attraction (Yanagishita 1993; Lefebvre et al. 1997; Lefebvre and de 
Crombrugghe 1998; Watanabe et al. 1998; Liu et al. 2000). Mature cartilage has reduced expression 
of these same collagens and proteoglycans, while also expressing high levels of Collagen 10 (Orth 
et al. 1996; Eames et al. 2004; Talwar et al. 2006). In contrast to both types of cartilage, bone 
expresses high levels of Collagen 1(Yasui et al. 1984; Kream et al. 1995). Interestingly (and central 
to the argument of this review), both mature cartilage and bone share expression of genes not 
expressed in immature cartilage, including Sp7 (formerly called Osterix), Matrix metallopeptidase 
13 and Indian hedgehog (Vortkamp et al. 1996a; Inada et al. 1999; Neuhold et al. 2001; Zaragoza et 
al. 2006; Abzhanov et al. 2007a; Mak et al. 2008; Huycke et al. 2012; Nishimura et al. 2012; Weng 
and Su 2013). In fact, very few genes expressed in bone are not expressed in mature cartilage, and 
this list of genes decreases further when comparisons among mature cartilage and bone are carried 
out in actinopterygians (Eames et al. 2012). Multiple genes associated with matrix mineralization 





(Alpl, formerly called Tissue-nonspecific alkaline phosphatase), Secreted phosphoprotein 1 (Spp1, 
formerly called Osteopontin or Bone sialoprotein), Secreted protein, acidic, cysteine-rich (Sparc, 
formerly called Osteonectin), and Bone gamma-carboxyglutamate protein (Bglap, formerly called 
Osteocalcin; Termine et al. 1981b; Pacifici et al. 1990; Chen et al. 1991; Bonucci et al. 1992; McKee 
et al. 1992; Mundlos et al. 1992; Nakase et al. 1994; Roach 1999; Sasaki et al. 2000).  
Currently, the evolutionary relationship among skeletal tissues is unclear, but the similarities 
highlighted above suggest that immature cartilage, mature cartilage, and bone share an evolutionary 
history. From a molecular genetic perspective, these observations lead to the hypothesis that the 
GRNs governing the formation of these three skeletal tissues (in particular, the differentiation of 
three skeletal cell types) also share an evolutionary history. Indeed, the many varieties of skeletal 
tissues intermediate between cartilage and bone observed in extant and fossil vertebrates may owe 
their existence to this shared history (Benjamin 1990; Benjamin and Ralphs 1991; Benjamin et al. 
1992; Mizoguchi et al. 1997; Hall 2005b; Witten et al. 2010). In this review, we explore this 
hypothesis using traditional evolutionary and modern molecular genetic studies. We are not 
focussing on the exact anatomical location of a tissue, given that once the GRN regulating formation 
of that skeletal tissue is established in the genome, any cell in the body can co-opt its expression. 
Traditional studies have provided insight into the evolutionary relationship among skeletal tissues, 
since they demonstrate that immature cartilage originated first during phylogeny (Mallatt and Chen 
2003; Rychel et al. 2006). Interestingly, modern molecular genetic studies reveal that two GRNs 
dictate the formation of these three skeletal tissues (Bi et al. 1999; Inada et al. 1999; Eames et al. 
2004; Hattori et al. 2010; Leung et al. 2011), and also that the GRN underlying cartilage formation 
is dominant to that of bone (Eames et al. 2004; Zhou et al. 2006). We expand upon this finding using 
an argument based on the relative parsimony of gradualism versus saltationism to hypothesize that 
bone evolved from a cartilage maturation program. In closing, we discuss how comparative 
transcriptomics will enhance dramatically our ability to test hypotheses on the evolution of the GRNs 









2.3. GRN underlying immature cartilage formation evolved first 
 
Traditional studies, such as the fossil record, comparative anatomy, and embryology, 
demonstrate that the first skeletal tissue to evolve was immature cartilage (Fig. 4). The fossil record 
reveals a great diversity of mineralized tissues about 500 million years ago (Mya; Janvier 1996a; 
Donoghue and Sansom 2002; Donoghue et al. 2006), suggesting that GRNs of skeletal histogenesis 
were undergoing an adaptive radiation. So which skeletal tissue appeared first in the fossil record? 
This question is complicated by the facts that currently discovered fossils may represent a biased 
fraction of ancestral tissues, and that non-mineralized, lightly mineralized, or transiently mineralized 
tissues likely are not preserved well in the fossil record. Despite these limitations, however the oldest 
skeletal tissue in the fossil record is unmineralized cartilage in the chordate fossil Haikouella from 
530 Mya (Fig. 4A; Mallatt and Chen 2003). Many specimens preserving soft tissues of this 
incredibly important fossil have been found, but they appear to be represented only in a small region 
of the Yunnan province in China (Chen et al. 1999), reflecting potential bias in the fossil record. 
Bone and mature cartilage appeared much later than immature cartilage in the fossil record 
(Fig. 4A). Conodonts, a group of agnathans (jawless vertebrate fish), are the earliest (515 Mya) 
known fossils with a mineralized skeleton, characterized by pharyngeal tooth-like elements 
composed of tissues that were bone-like, enamel-like, and mineralized cartilage-like (Sansom et al. 
1992). However subsequent analyses of conodont fossils refuted the conclusion that bone or 
mineralized cartilage was present in these primitive jawless fish, instead attributing the first 
appearance of bone in the fossil record to the exoskeleton of pteraspidormorphi (480 Mya), a group 
of armored agnathans (Janvier 1996a; Donoghue 1998; Donoghue et al. 2006).  
Interestingly, some pteraspidomorph species (e.g., eriptychiids and arandaspids) and other, 
primitive fossil fish show traces of both mineralized cartilage and bone in their endoskeleton (Janvier 
1996a; Zhang et al. 2009). Also, fossils of the ancestral vertebrate Palaeospondylus gunni (385 Mya) 
reveal an entire adult skeleton composed of hypertrophic, mineralized cartilage, while bone is 
completely absent (Johanson et al. 2010). Despite these findings, the current fossil record generally 
suggests that bone preceded mineralized cartilage (Smith and Hall 1990a; Janvier 1997; Donoghue 
et al. 2006), although the molecular genetic and embryological arguments of this review call into 





cartilage was the first skeletal tissue to appear leading to the evolution of vertebrates (Northcutt and 




Figure 4. Clues to the evolutionary relationship between the chondrocyte and osteoblast emerge from analyses of 
the fossil record and comparative anatomy. (A) Appearance of immature cartilage, mature cartilage, and bone from 
available fossil record. These data indicate clearly that immature cartilage appeared first, then mature cartilage and bone. 
By extension, the chondrocyte preceded the osteoblast during evolution. (B) Extant taxa with at least one 
species containing cartilage or cartilage-like tissues, which are non-mineralized outside of vertebrates. These data 
suggest that a GRN driving differentiation of an immature chondrocyte evolved first, and then became established in 
the genome of chordates (along with the notochord, a cartilage-like tissue). Subsequently, this GRN was modified by 
another GRN that drove differentiation of a mature chondrocyte (and osteoblast) within vertebrates. Branch lengths in 





Comparative anatomy also supports the notion that immature cartilage was the first skeletal 
tissue to evolve, because immature cartilage is distributed in a broader range of taxonomic lineages 
than mature cartilage or bone (Fig. 4B). Immature cartilage appears in both vertebrate and non-
vertebrate species, whereas mature cartilage and bone are shared, derived traits of vertebrates only 
(Cole and Hall 2004b; Rychel et al. 2006). In a seminal study by Cole and Hall (2004), cartilage was 
demonstrated in a variety of taxonomically distinct invertebrates, such as polychaetes, arthropods, 
and molluscs. Reflecting the different evolutionary histories of immature and mature cartilage, 
cartilage in any invertebrate lineage, and also in extant agnathans, is unmineralized (Cole and Hall 
2004b; Hall 2005b). The finding that lamprey cartilage can mineralize in vitro suggests that early 
agnathans may have possessed mineralized cartilage and these mineralization programs were 
repressed in cyclostomes (Langille and Hall 1993a).  
The taxonomic distribution of cartilage suggests that the ancestor of vertebrates, 
cephalochordates, and hemichordates had an ability to make immature cartilage (Fig. 4B). In fact, 
the deuterostome ancestor was proposed to be a benthic worm with cartilaginous gill slits (Rychel 
et al. 2006). Homology between invertebrate and vertebrate cartilages is supported by biochemical 
and histological analyses, which demonstrate high amounts of fibrous proteins and 
mucopolysaccharides (Cole and Hall 2004b; Cole 2011). In fact, recent studies have shown that the 
cirri in amphioxus share many histological and molecular features with vertebrate immature 
cartilage (Kaneto and Wada 2011; Jandzik et al. 2015). However homology between deuterostome 
and protostome cartilage is still uncertain and must be confirmed by modern molecular analyses, 
including examination of gene expression patterns, GRN architectures, and GRN regulation. The 
ECM of hemichordate skeletal tissues may show features of both cartilage and bone (Cole and Hall 
2004b), supporting the notion that these two tissues share an evolutionary history. Mineralized 
cartilage and bone, however, are only found in extant gnathostomes (Fig. 4). These comparative 
anatomy analyses suggest that immature cartilage evolved before mature cartilage and bone. 
Final support for the idea that cartilage arose earlier in evolution than mature cartilage and 
bone comes from comparative embryology. While the Biogenetic Law of Ernst Haeckel definitely 
has its theoretical problems (Haeckel 1866), a general correlation (recapitulation) between the 
timing of events during ontogeny with events during phylogeny is undeniable. Indeed, many early 
evolutionary biologists assumed this to be true (Gould 2002). In this context, it is interesting to note 





development, while cartilage maturation and bone formation are later events. The relative timing of 
cartilage maturation to bone formation, on the other hand, appears to vary among vertebrate taxa 
(Mori-Akiyama et al. 2003; Eames et al. 2004; Moriishi et al. 2005). While such relationships 
between the timing of developmental events have been argued to reflect simply the increasing 
complexity of ontogeny during phylogeny (Wallace 1997), we believe that this issue, which has 
been debated for 100s of years, remains unresolved. 
To sum up traditional studies of the fossil record, comparative anatomy, and embryology, 
the ability to make immature cartilage predates the ability to make mature cartilage or bone during 
evolution. Therefore, from a molecular genetic perspective, the GRN governing chondrocyte 
differentiation clearly appeared prior to that of the osteoblast. However traditional approaches are 
still unclear whether mature cartilage or bone appeared next during evolution. With hopes that 
modern molecular and embryological analyses can shed light into the evolutionary origins of the 
vertebrate skeleton, we next discuss how the GRNs underlying the formation of immature cartilage, 
mature cartilage, and bone are organized. 
 
2.4. SOX9 GRN is dominant to the RUNX2 GRN 
 
Skeletal histogenesis is governed by complex sets of genes, largely controlled by central 
transcription factors that are responsible for determining cell fate decisions (Eames et al. 2003; 
Kronenberg 2003; Karsenty et al. 2009). Molecular genetic experiments demonstrate that the 
transcription factors Sox9 and Runx2 are the “master regulatory genes” of skeletal histogenesis. Sox9 
and Runx2 expression patterns during mesenchymal condensation predict whether 
osteochondroprogenitor cells differentiate into immature cartilage, mature cartilage, or bone  (Eames 
and Helms 2004; Eames et al. 2004). Loss of Sox9 function abrogated immature and mature cartilage 
formation, whereas Runx2 loss of function blocked mature cartilage and bone formation (Hoshi et 
al. 1999; Inada et al. 1999; Kim et al. 1999; Enomoto et al. 2000). In gain-of-function experiments, 
Sox9 mis-expression induced ectopic cartilage formation, whereas Runx2 mis-expression induced 
ectopic mature cartilage and bone formation (Eames et al. 2004). These and other experiments show 
clearly that a SOX9 GRN regulates immature cartilage formation, a RUNX2 GRN drives bone 





emphasize the relevance of these transcription factors to the evolution of GRNs underlying skeletal 
histogenesis, since conserved, core components of GRNs (i.e., kernels) are often transcription 
factors (Levine and Davidson 2005; Davidson and Erwin 2006).  
Expression studies of skeletal tissues in a range of organisms suggest an ancestral interaction 
between SOX and RUNX GRNs. Runx2, along with its related family members, Runx1 and 3, derive 
from gnathostome duplications of an ancestral Runx, while agnathan Runx genes may have 
undergone an independent duplication (Meulemans and Bronner-Fraser 2007; Hecht et al. 2008; 
Cattell et al. 2011; Kaneto and Wada 2011; Nah et al. 2014a). Sox9, along with its related family 
members, Sox8 and 10, derive from duplications to the ancestral SoxE, while agnathan SoxE genes 
may have undergone an independent duplication (Meulemans and Bronner-Fraser 2007; Ohtani et 
al. 2008a; Yu et al. 2008; Cattell et al. 2011; Uy et al. 2012; Jandzik et al. 2015). Runx and SoxE 
orthologs are expressed in cartilage of amphioxus, lamprey, and hagfish, suggesting that the gene 
ancestral to Runx2 primitively functioned with the gene ancestral to Sox9 in early cartilage formation 
(Hecht et al. 2008; Wada 2010; Kaneto and Wada 2011). Notably, these animals do not have bone, 
and they do not mineralize their skeletons. Interestingly, the amphioxus cirral skeleton shows 
features of both cartilage and bone, suggesting that this ancient skeleton might have diverged to 
form cellular cartilage and bone of vertebrates (Kaneto and Wada 2011). We argue that evaluating 
the interactions between SOX9 and RUNX2 GRNs leads to a novel hypothesis for the evolution of 
bone. 
Many studies in mammals and chick demonstrate that the SOX9 GRN is at least partially 
dominant to the RUNX2 GRN. First, co-expression of Sox9 and Runx2 typically causes cartilage 
formation, not bone (Eames and Helms 2004; Eames et al. 2004). Second, ectopic expression of 
Sox9 in Runx2-expressing cells of developing bone (achieved either normally during secondary 
cartilage formation or experimentally using Sox9 mis-expression) diverts the cells to make cartilage, 
whereas ectopic Runx2 expression in Sox9-expressing cells of developing cartilage does not divert 
them to make bone (Eames et al. 2004). Third, Sox9 expression needs to be down-regulated in order 
for the full Runx2-dependent cartilage maturation program to be expressed (Akiyama et al. 2002; 
Eames et al. 2004). Fourth, Sox9 over-expression can inhibit Runx2 expression (Eames et al. 2004). 
Finally, and most conclusively, Sox9 directly binds to Runx2, inhibits its transcriptional activity, and 








Figure 5. During endochondral ossification, immature cartilage, mature cartilage, and bone differentiate under 
the control of SOX9 and RUNX2 GRNs. Chondrocytes of immature cartilage, termed resting and proliferative 
chondrocytes during endochondral ossification, express high levels of genes in the SOX9 GRN. Genes known to be 
under direct transcriptional control of SOX9 or RUNX2 are highlighted in red or green text, respectively. Chondrocytes 
of mature cartilage, termed prehypertrophic and hypertrophic chondrocytes during endochondral ossification, express 
low levels of genes in the SOX9 GRN and also genes in the RUNX2 GRN. Osteoblasts in perichondral and endochondral 
bone during endochondral ossification express genes in the RUNX2 GRN. ∗Col1 is one of the only genes expressed in 
osteoblasts that is not expressed in mature chondrocytes; Col10 expression in osteoblasts is high only in some 
vertebrates. Col11, Decorin, and Biglycan are expressed in all three of these skeletal cell types. Similar gene expression 




Given evidence that the SOX9 GRN can dominate the RUNX2 GRN, the formation of 
mature cartilage during endochondral ossification, which requires both Sox9 and Runx2, must be 
regulated exquisitely (Fig. 5). During early stages, both Sox9 and Runx2 are co-expressed in 
mesenchymal condensations (Akiyama et al. 2002; Eames and Helms 2004; Eames et al. 2004; Zhou 
et al. 2006), so Sox9 must exert a dominant inhibitory effect over Runx2 in order to produce 





maturation (Eames et al. 2004; Yoshida et al. 2004; Hattori et al. 2010). In fact, Sox9 down-
regulation is a crucial step for mature cartilage formation (Hattori et al. 2010). Despite this down-
regulation, a role for Sox9 in very late stages of cartilage maturation also has been revealed (Ikegami 
et al. 2011; Dy et al. 2012). One study even suggests that Runx2 can inhibit Sox9 activity (Cheng 
and Genever 2010), illustrating that complex feedback mechanisms are in place to achieve the 
appropriate relative levels of Sox9 and Runx2 activity. In summary, the preponderance of published 
literature on molecular genetics demonstrates that Sox9 has dominant effects over Runx2, and we 
extend this conclusion to generate a new hypothesis on the evolution of bone. 
 
 
2.5. Bone evolved from mature cartilage 
 
Combining evidence from traditional and modern studies, we hypothesize that the GRN 
underlying bone formation evolved from a GRN underlying mature cartilage formation (Fig. 6). 
Functional, histological, embryological, and molecular similarities among immature cartilage, 
mature cartilage, and bone suggest that these tissues may share an evolutionary history (Fig. 3). The 
fossil record, comparative anatomy, and embryology demonstrate that immature cartilage evolved 
first (Fig. 4). When combined with molecular genetic data (Fig. 5), this means that the first evolved 
skeletal GRN was dominated by the gene ancestral to Sox9, driving immature cartilage formation. 
This GRN likely involved genes ancestral to Runx2 in early phylogenetic (and ontogenetic) stages. 
In gnathostomes, a RUNX2 GRN drives formation of both mature cartilage and bone (Fig. 5), but 
how did this novel GRN evolve to produce these novel skeletal tissues? 
We propose that immature cartilage provided a structural and molecular “buffer” for the 
gradual development of this novel, RUNX2 GRN. The structural buffering effect refers to the fact 
that immature cartilage already had a functional role as a skeletal tissue, allowing more freedom for 
the evolving RUNX2 GRN to develop new functions that simply modify a pre-existing skeletal 
tissue in a gradual, step-wise fashion. The molecular buffering effect refers to the partial dominance 
of the SOX9 GRN, which might have shielded to some extent the evolving RUNX2 GRN from 





evolvability by reducing the cost of generating variation (Kirschner and Gerhart 1998; Gerhart and 
Kirschner 2007).  
We argue that these putative buffering effects provide a more parsimonious account for the 
gradual evolution of bone from mature cartilage than the alternative, which depends upon de novo 
establishment of bone in a more saltationist fashion (Fig. 6). If bone had evolved before mature 
cartilage, then the RUNX2 GRN would have been under much stronger natural selection than if it 
had been buffered by immature cartilage. Arguments that bone evolved from dentine suffer from the 
same limitations: how did dentine and its GRN appear? A new GRN appearing simultaneously with 
a completely new skeletal tissue, while possible, seems a less likely evolutionary scenario than the 
gradual establishment of the RUNX2 GRN during evolution of mature cartilage. Assembling a GRN 
driving bone formation de novo appears to depend upon saltationist genetic mechanisms, such as 
large-scale genomic changes or small genetic effects acting early in development. Regarding the 
latter possibility, chondrocytes and osteoblasts are known to share a relatively late embryonic 
progenitor (Day et al. 2005). Therefore, the former, “macromutational” saltationist mechanism, 
favored by Goldschmidt (Goldschmidt 1982), would have to have operated in the de novo 
appearance of the osteoblast. Even saltationists granted that gradualism is the more common 
evolutionary mechanism (Gould 2002). Therefore, based on the relative parsimony and abundance 
of gradualism versus saltationism, we favor a model in which the RUNX2 GRN evolved within 
immature cartilage to produce mature cartilage, and then a different mesenchymal (non-
chondrogenic) cell population co-opted this GRN, producing the world’s first example of bone 
formation (Fig. 6B). 
The hypothesis that bone evolved from mature cartilage also is consistent with a variety of 
other observations on skeletal tissues (Fisher and Franz-Odendaal 2012). During evolution, the 
features of mature cartilage seen in various vertebrate taxa did not appear at the same time (Hall 
1975; Smith and Hall 1990a). Hypertrophy and mineralization occurred first, followed by cartilage 
matrix degradation, replacement by fat and endochondral bone deposition, and finally, invasion by 
the vasculature (in tetrapods). These findings suggest that cartilage maturation is a highly evolvable 
process. Also, the progression from immature cartilage to mature cartilage to bone during evolution 
is mimicked during endochondral ossification. Recently, cell lineage analyses suggest that some 
cells that express immature cartilage genes go on to express mature cartilage  genes, and finally they 





to an osteoblast (Hammond and Schulte-Merker 2009; Zhou et al. 2014; Park et al. 2015). Finally, 
gene expression patterns appear to overlap much more when comparing mature cartilage to bone in 
actinopterygians, such as teleosts, than in sarcopterygians, such as tetrapods (Eames et al. 2012). 
This may reflect differential retention of molecular signatures of the evolutionary history between 





Figure 6. Differing models for the appearance of the GRN driving osteoblast formation. (A) In this scenario, the 
osteoblast (and the RUNX2 GRN that drives its formation) appeared de novo, independent of the chondrocyte. This 
model is consistent with saltational evolution, in which large-scale genomic changes may facilitate the evolution of 
novelty over short periods of geologic time. (B) In an alternative scenario, the osteoblast appeared after a series of step-
wise additions to the mature chondrocyte (and thus the RUNX2 GRN that drives its formation). After establishment of 
the RUNX2 GRN in mature chondrocytes, the osteoblast appeared when another population of cells co-opted the 
RUNX2 GRN. This model is consistent with gradual evolution, in which a series of small changes over geologic time 
may facilitate the evolution of novelty. The size of the circles and polygons represent relative levels of up- or down-












2.6. Comparative transcriptomics: a novel approach to solve Evo-Devo issues 
 
Identification of homologous tissue types among different taxonomic lineages using 
histology and cell morphology has enabled evolutionary studies of histogenesis, but modern 
molecular techniques will dramatically expand this field. Traditionally, comparative anatomy 
established homologies at the levels of organs, tissues, and cells. Homology among cartilage-like 
tissues can be relatively clear for closely related species but can prove more difficult when 
comparing distant clades, where clade-specific differences can obscure homology. For example, 
histological features, such as cellularity of a tissue, may confuse homology designation; cartilage is 
cellular in vertebrates, but is acellular in hemichordates (Smith et al. 2003; Cole and Hall 2004b; 
Rychel et al. 2006). In addition, three types of agnathan cartilage have been distinguished by 
histology: hard cartilage, soft cartilage, and mucocartilage (Zhang and Cohn 2006; Zhang et al. 
2006; Cattell et al. 2011). Which of these would be homologous to hyaline cartilage of 
gnathostomes, or are they all? Modern evolutionary thinking overlooks such superficial histological 
differences, emphasizing instead the importance of tracking changes to the underlying molecular 
genetic factors during trait evolution. 
Evolutionary studies of skeletal cells will benefit from transcriptomic techniques, such as 
RNAseq, that enable characterization of their molecular fingerprints, which are the sets of genes 
expressed in a homogenous population of cells (Arendt 2003). Comparing the molecular fingerprint 
of distinct cell types has yielded insight into evolutionary relationships among remote animal clades 
(Arendt 2005; Arendt 2008; Eames et al. 2012). A few technologies can generate molecular 
fingerprints, but of these, RNAseq currently produces the most robust, unbiased results (Necsulea 
and Kaessmann 2014). Some advantages of RNA-seq include a higher dynamic range, allowing the 
detection of transcripts that are expressed at very high or low levels, and the ability to detect novel 
genes and alternative splice variants in samples from any animal (Wang et al., 2009). Important for 
evolutionary studies, then, RNAseq allows for an accurate comparison of molecular fingerprints in 
both closely and distantly related species (Necsulea and Kaessmann 2014; Pantalacci and Semon 
2015). 
Tracking gene expression patterns that underlie a homologous trait through phylogeny 
provides unparalleled insight into molecular mechanisms of evolution. In fact, comparative 





et al. 2009), despite superficial histological or cellular differences. For example, the presence of 
immature cartilage in a variety of invertebrate taxa raises the possibility of a tissue with deep 
homology to cartilage present in the ancestor to all metazoans (Fig. 4B). Also, identifying 
invertebrate tissues that express “bone genes” may reveal deep homology of these cells to 
osteoblasts, potentially facilitating the de novo appearance of the Runx2 GRN underlying bone 
formation. Genes in the vertebrate Sparc family play a role in skeletal matrix mineralization in vitro 
(Termine et al. 1981; Pataquiva-Mateus et al. 2012). Although similar in vivo roles for Sparc genes 
have not been demonstrated clearly (Roach 1994; Gilmour et al. 1998; Rotllant et al. 2008), 
comparative genomics reveal a clear correlation between some Sparc genes and bone formation 
(Kawasaki and Weiss 2006; Martinek et al. 2007; Koehler et al. 2009; Bertrand et al. 2013; 
Venkatesh et al. 2014). Interestingly, Sparc genes are expressed in amphioxus, which do not have 
bone nor mineralize their tissues (Bertrand et al. 2013). If Runx2 co-opted regulation of these genes 
during the de novo appearance of the osteoblast, then Sparc-expressing cells in amphioxus may have 
deep homology to osteoblasts. 
Comparative transcriptomics can be used to evaluate quantitatively important features of 
GRN evolution, including constraint and adaptation. Although Gould recently revived the formalist 
pleas of Galton, Whitman, and others for constraint to have a positive role during evolution (Gould 
2002), constraint commonly is considered a restriction or limitation on the evolutionary process 
(Arnold 1992). Evidence of constraint can be seen when transcriptomes are highly conserved among 
various tissues or clades, presumably due to genomic, developmental, or structural limitations. In 
addition to these constraints, a GRN under stabilizing selection would not vary much with respect 
to the genes expressed and their levels of expression, thus giving a transcriptomic signal of 
constraint. In fact, the architecture of GRN kernels, which usually consist of transcription factors 
and other regulatory genes, can remain highly conserved for a long period of time (Levine and 
Davidson 2005; Davidson and Erwin 2006). In contrast, adaptation commonly is considered positive 
for change during evolution (Gould 2002; Stayton 2008; Losos 2011). Evidence of adaptation can 
be seen when transcriptomes differ widely among various tissues or clades, presumably in response 
to tissue- or clade-specific selective pressures. A GRN under negative or positive selection would 
vary a lot in the genes expressed and their levels of expression. 
Comparative transcriptomics has unraveled the complexity of several important 





2014) and vertebrate organisms (Chan et al. 2009; Brawand et al. 2011). A major challenge in 
evolutionary biology is to explain the appearance of novel traits and the GRNs underlying their 
formation. Two different models have been proposed, with only one currently receiving much 
experimental support. In the first model, a GRN driving a novel trait also evolved de novo (Fig. 6A). 
For example, orphan genes, or genes without clear family members, might be important drivers of 
evolutionary novelty. First described in the yeast genome (Dujon 1996), they occur also in many 
taxa, including rodents, primates, and humans (Heinen et al. 2009; Toll-Riera et al. 2009; Li et al. 
2010). Orphan genes might have appeared de novo from non-coding sequences rather than from 
existing genes (Tautz and Domazet-Loso 2011). Subsequent interactions that these orphan genes 
establish among other genes would create a novel GRN with the capability of driving formation of 
a novel trait. This “de novo” model has received little experimental support in metazoans, but 
currently serves as the basis for the hypothesis that bone (or dentine, if dentine appeared before bone 
during evolution) evolved before mature cartilage (Fig. 6A). In molecular terms, the GRN driving 
formation of the osteoblast would have appeared de novo, presumably in a short evolutionary 
timeframe. 
In the second model for appearance of evolutionary novelties, which is increasingly 
supported by the literature, a novel trait appears by co-opting a pre-existing GRN (Fig. 6B; Fisher 
and Franz-Odendaal 2012; Achim and Arendt 2014). For example, comparative genomic studies on 
muscle cells, immune cells, and neurons suggested that these cell types evolved by co-opting pre-
existing genetic systems (Achim and Arendt 2014). In addition, the appearance of a novel embryonic 
cell lineage in vertebrates, the neural crest cell, has been argued to result from the co-option of pre-
existing GRNs that were employed by cells in the neural tube, notochord, and pharynx in ancestral 
chordates (Baker and Bronner-Fraser 1997; Donoghue and Sansom 2002; Meulemans and Bronner-
Fraser 2005; McCauley and Bronner-Fraser 2006; Zhang and Cohn 2006a; Meulemans and Bronner-
Fraser 2007). In fact, the neural crest-derived vertebrate cartilaginous head skeleton might have 
arisen after neural crest cells co-opted an ancestral chordate GRN that was used for cartilage 
formation in other parts of the body (Jandzik et al. 2015). Here, we use the same argument to support 
our idea that the osteoblast appeared when a non-chondrogenic mesenchymal cell co-opted 







2.7. Comparative transcriptomics and skeletal tissue evolution 
 
How extensive is our understanding of the GRNs driving cartilage and bone formation? As 
outlined above, Sox9 and Runx2 GRNs are critical in a variety of vertebrates, but is this the whole 
story? Few studies have analyzed the molecular fingerprint of the chondrocyte and osteoblast using 
unbiased transcriptomics, but such experiments may identify unknown GRN’s driving formation of 
these cell types. The chondrocyte molecular fingerprint was estimated by compiling data from the 
literature and summarizing their interactions into a GRN (Cole 2011). Recently, transcriptomics on 
Sox9 and Runx2 loss-of-function skeletal cells in vitro have shed light on Sox9 and Runx2 GRNs 
that are relevant to chondrocyte and osteoblast differentiation (Oh et al. 2014; Wu et al. 2014). A 
promising future direction is to use transcriptomics to define these GRNs in vivo using Sox9 and 
Runx2 loss-of-function animals. Comparative transcriptomics between vertebrae and gill arch 
skeletal elements of a teleost demonstrated a high degree of overlap in gene expression between 
these two tissues (Vieira et al. 2013), but the presence of multiple cell types, including chondrocytes 
and osteoblasts, in both samples confounds attribution of these data to a particular cell type. 
Therefore, more specific techniques should be used to isolate a pure population of cells in vivo in 
order to accurately reveal and compare the molecular fingerprints of different skeletal cell types 
(Fig. 5). 
Two related, fascinating questions remain for future research: how did the GRNs directing 
skeletal cell differentiation appear, and how did they evolve afterward? In this review, we argue that 
gradual establishment of the Runx2 GRN during evolution of the mature chondrocyte (subsequently 
co-opted by a non-chondrogenic mesenchymal cell to form bone) is more parsimonious than the de 
novo appearance of the Runx2 GRN in osteoblasts (Fig. 6). Given the latter possibility, however the 
tremendous gene expression similarities between mature cartilage and bone in tetrapods also may 
reflect co-option of the Runx2 GRN by the mature chondrocyte after it was established in the 
osteoblast. These possibilities predict divergent vs. convergent evolution, respectively, of the Runx2 
GRN in mature chondrocytes after the appearance of the osteoblast. Therefore, we propose an 
examination of skeletal cell molecular fingerprints in a variety of vertebrates to resolve this issue. 
Our divergent model predicts that the overlap between mature chondrocyte and osteoblast molecular 
fingerprints will decrease in more recently diverged organisms (Fig. 7A). For example, molecular 





of vertebrates, such as teleosts, than in later diverged lineages, such as amphibians or mammals. On 
the other hand, the convergent model predicts the opposite result (Fig. 7B). 
But do skeletal cell molecular fingerprints evolve in clade-specific manners? A limited 
number of studies trying to answer this question suggest two competing ideas. On the one hand, 
molecular fingerprints of the chondrocyte and the osteoblast have been proposed to be highly 
constrained among various vertebrate clades (Fig. 8A; Fisher and Franz-Odendaal 2012; Vieira et 
al. 2013). On the other hand, gene expression comparisons between gar, zebrafish, chick, and mouse 
suggest that the chondrocyte molecular fingerprint is constrained among vertebrates, while the 
osteoblast molecular fingerprint varied, perhaps in response to clade-specific selective pressures 
(Fig. 8B; Eames et al. 2012). Interestingly, generalizing these results puts forward the hypothesis 
that earlier-evolved cell types, in this case chondrocytes, might be more constrained in their gene 
expression than cell types that appeared later, such as osteoblasts, perhaps due to stabilizing selection 
over geologic timescales. Comparative transcriptomics can quantitate constraint and adaptation, by 
measuring how transcript levels vary among samples from different taxonomic lineages. 
In the future, comparative transcriptomics will elucidate the dynamics of skeletal cell type 
evolution, identifying lineage-specific changes in gene expression, providing quantitative measures 
of constraint and adaptation, and potentially establishing deep homology of skeletal cells with 
previously unappreciated cell types. Indeed, appropriate application of comparative transcriptomics 









Figure 7. Divergent vs. convergent evolution of the molecular fingerprints of mature chondrocytes and 
osteoblasts. Venn Diagrams comparing putative molecular fingerprints between mature chondrocytes and osteoblasts 
in three distinct vertebrate clades may resolve among two hypotheses for the origins of the osteoblast. (A) Divergent 
model. Osteoblast evolved when a GRN was co-opted from mature chondrocytes. Differing selective pressures on 
ancestors of various lineages, followed by lineage-specific constraints, may have caused gradual divergence between 
the GRN of osteoblasts and mature chondrocytes during vertebrate evolution. If true, then the overlap between mature 
chondrocyte and osteoblast molecular fingerprints will be significantly higher in earlier diverged lineages, such as 
teleosts, than in later diverged lineages, such as mammals. (B) Convergent model. Osteoblast GRN evolved de novo. 
Similar selective pressures on osteoblasts and mature chondrocytes in ancestors of later diverging lineages may have 
caused convergence between the GRN of osteoblasts and mature chondrocytes during vertebrate evolution. If true, then 
the overlap between molecular fingerprints of mature chondrocytes and osteoblasts will be significantly lower in earlier 
diverged lineages. Branch lengths in trees are arbitrary; the overlap between molecular fingerprints is shown in green 










Given the role that fossilized bones played in devising early evolutionary theory, skeletal 
tissue evolution has fascinated scientists for centuries. In particular, the appearance of bone as an 
evolutionary novelty demands explanation, which modern molecular and embryological techniques 
address in ways never imagined by studies of the fossil record alone. Here, we focus on the three 
main skeletal tissues present in vertebrates (immature cartilage, mature cartilage, and bone), and use 
findings from both traditional and modern studies to argue that bone evolved from mature cartilage. 
Standing in contrast to the available fossil record, which suggests that bone appeared prior to mature 
cartilage, this hypothesis posits that a GRN driving traits such as matrix mineralization in mature 
cartilage was co-opted by non-chondrogenic mesenchymal cells to produce bone. Alternatively, the 
GRN driving bone formation may have evolved first and subsequently was co-opted by mature 
cartilage, but we use an argument based on parsimony that this scenario would be more complicated 
to achieve. Comparing the molecular fingerprints of skeletal tissues in agnathans and sister chordate 
species with those in vertebrates might resolve among these possibilities. In addition to comparative 
transcriptomics revealing the origins of evolutionary novelties, tracking molecular fingerprints of 
skeletal cells in various vertebrate lineages can identify quantitative measures of constraint and 
adaptation within the GRNs that govern the formation of skeletal tissues. Therefore, we strongly 
believe that this novel approach may revolutionize understanding of the evolution of cartilage and 









Figure 8. Differing models for levels of constraint and adaptation among skeletal cells of different vertebrate 
lineages. Venn diagrams comparing putative molecular fingerprints of chondrocytes and osteoblasts from three 
vertebrate clades. The ancestral chondrocyte and osteoblast GRN kernels are represented in the overlap of the circles. 
More overlap represents more constraint/less adaptation among clades. (A) The first scenario predicts that the molecular 
fingerprints of the chondrocyte and osteoblast (and thus the GRNs governing their formation) are constrained to equal 
extents among vertebrates (Fisher and Franz-Odendaal, 2012; Vieira et al., 2013). (B) The second scenario predicts that 
the chondrocyte molecular fingerprint is more constrained among vertebrate clades, while the osteoblast molecular 
fingerprint shows more signs of clade-specific adaptations (Eames et al., 2012). In general, this latter scenario posits 
that a cell type appearing later during animal phylogeny is more free to vary than a cell type appearing earlier, whose 



























Manuscript 1; Portions of the gene regulatory network driving cartilage and bone formation 
interact via averaging and synergism during cartilage maturation (in preparation). 
 




















CHAPTER 3. Portions of the gene regulatory network driving cartilage and bone formation 





Transcriptional control of any biological process occurs through the action of gene regulatory 
networks (GRNs), which characterize specific regulatory states. While one GRN might give rise to 
distinct cell fates, studies analyzing the interaction between distinct portions of a GRN during cell 
differentiation are lacking.  To address this, we tested in vivo the hypothesis that two distinct portions 
of the GRN, which are active during formation of two discrete skeletal cell types (IMM and OST), 
interact during differentiation of a third skeletal cell type (MAT).  These three cell types were 
isolated from the mouse embryo using laser capture microdissection (LCM), and then RNA was 
extracted.  Multiple analyses of corresponding RNA-seq data supported the hypothesis.  Gene co-
expression network analyses suggested that one portion of the GRN containing the chondrogenic 
transcription factor SOX9 characterizes immature chondrocytes, one portion of the GRN containing 
the osteogenic transcription factor RUNX2 characterizes osteoblasts, and both SOX9 and RUNX2 
transcriptional programs operate in mature chondrocytes.  Indeed, mature chondrocytes 
differentially expressed fewer genes than the other cell types, consistent with the idea that 
overlapping actions between the transcriptional programs active in immature chondrocyte and 
osteoblast dictate mature chondrocytes. Clustering analyses provided molecular insights into 
potential interactions between distinct transcriptional programs active in this skeletal cell GRN.  
Several genes in mature chondrocytes had expression levels that represented an averaging between 
levels in the immature chondrocyte and osteoblast.  Expression levels of one gene cluster, containing 
the hallmark mature chondrocyte genes collagen type 10a1 (Col10a1) and indian hedgehog (Ihh), 
suggested a synergistic interaction between portions of the GRN driving immature chondrocytes and 
osteoblasts.  In addition to identifying novel genes expressed in mature chondrocytes and confirming 










Every biological process is regulated in part by the action of gene regulatory networks 
(GRNs), each GRN being governed by one to many transcription factors that determine specific 
regulatory states (Davidson et al. 2003; Li et al. 2015). Interactions among different portions of one 
GRN might be important in determining specific phenotypes, but the mechanisms of GRN 
interaction have been largely unexplored. Here, we focus on skeletal cells in vivo, because previous 
studies suggested that distinct portions of the GRN driving skeletal cell differentiation might interact 
(Eames et al. 2004; Cheng and Genever 2010; Cole 2011; Kerkhofs et al. 2012), making it an ideal 
model to investigate this understudied issue.  
Most of the vertebrate skeleton is composed of three main cell types: immature chondrocytes, 
mature chondrocytes (i.e., pre-hypertrophic and hypertrophic chondrocytes), and osteoblasts (Eames 
et al. 2003). During the skeletogenic process of endochondral ossification, immature and mature 
chondrocytes produce two distinct types of cartilage, whereas osteoblasts form bone (Eames and 
Helms 2004; Eames et al. 2004; Tamamura et al. 2005; Gentili and Cancedda 2009). Bone also can 
be formed by intramembranous ossification, where mesenchymal cells directly differentiate into 
osteoblasts without using a cartilage template (Smith and Hall 1990; Karsenty et al. 2009; Komori 
2010).  
Skeletal cells might be a good model to test GRN interaction since they are distinct, but they 
also share many features. Immature chondrocytes, mature chondrocytes, and osteoblasts derive from 
a common cell lineage (an osteochondroprogenitor) and share the expression of many genes (Fang 
and Hall 1997; Day et al. 2005; Vortkamp et al. 1996a; Li et al. 1998; Inada et al. 1999; Knudson 
and Knudson 2001; Rees et al. 2001; Eames and Helms 2004; Eames et al. 2004; Gentili and 
Cancedda 2009; Gomez-Picos and Eames 2015). Exemplifying this relatedness, cells transition 
during endochondral ossification from an immature to a mature chondrocyte, and then some mature 
chondrocytes even trans-differentiate into osteoblasts (Hammond and Schulte-Merker 2009; Yang 





osteoblasts express relatively few common genes (Hoffmann et al. 1996; Eames et al. 2003; Li et al. 
2017). Also, mature chondrocytes are a distinct cell type that can remain throughout an animal’s 
life, such as in articular cartilage, expressing a characteristic set of genes that are never expressed in 
immature chondrocytes or osteoblasts (Lefebvre et al. 1995; Sophia Fox et al. 2009; Decker et al. 
2015; Wang et al. 2017). Indeed, many mature chondrocytes do not become osteoblasts during 
endochondral ossification (Yang et al. 2014; Zhou et al. 2014; Hinton et al. 2017; Aghajanian and 
Mohan 2018).  
Transcription factors could explain the similarities in gene expression among immature 
chondrocytes, mature chondrocytes, and osteoblasts (Eames et al. 2003a; Kronenberg 2003; Eames 
et al. 2004; Karsenty et al. 2009). Two transcription factors, SOX9 and RUNX2, play roles 
consistent with being ‘master regulators’ of skeletal cell differentiation. Sox9 is expressed in 
immature and mature chondrocytes, while Runx2 is expressed in mature chondrocytes and 
osteoblasts (Eames and Helms 2004).  Genetic experiments confirmed that SOX9 and RUNX2 drive 
cartilage and bone formation, respectively.  Loss of Sox9 results in the absence of chondrocytes (Bi 
et al. 1999), whereas loss of Runx2 blocks osteoblast differentiation (Komori et al. 1997). Mature 
chondrocytes do not form without the function of either Sox9 or Runx2, although the exact 
mechanisms through which they partner in this process are unknown (Yamashita et al. 2009; Cheng 
and Genever 2010; Gomez-Picos and Eames 2015).  Sox9 and Runx2 mis-expression can toggle 
among these three skeletal fates, leading to the idea that a binary transcription factor code underlies 
skeletal cell specification (Eames et al. 2004). A SOX9 transcriptional program regulates immature 
chondrocytes, a RUNX2 transcriptional program drives osteoblasts, and both transcriptional 
programs are active in mature chondrocytes.  We test this hypothesis in vivo, focusing on putative 
interactions between distinct transcriptional programs of the GRN active in mature chondrocytes. 
Despite recent progress in identifying target genes for SOX9 and RUNX2 in skeletal cells 
(Oh et al. 2014; Wu et al. 2014; Ohba et al. 2015;  Tarkkonen et al. 2017; Liu et al. 2018; Yamashita 
et al. 2019), the molecular mechanisms underlying the interaction between portions of the GRN 
mediated by SOX9 and RUNX2 during formation of mature chondrocytes are unknown. Only a few 
previous studies have analyzed GRN interactions in any system. For example, during sea urchin 
embryogenesis, transcription factors from a mesoderm GRN influence gene expression of an 
endoderm GRN (Peter and Davidson 2011). In cells of hybrid species of plants and rodents, specific 





portions act independently (Brekke et al. 2016; Hu et al. 2016). Similar mechanisms of GRN 
interaction could be involved in mature chondrocytes. 
To test the hypothesis, we developed a novel unbiased experimental model using 
comparative transcriptomics to analyze interaction globally between distinct transcriptional 
programs in the skeletal cell GRN. Specifically, laser capture microdissection (LCM) was used to 
isolate immature chondrocytes, mature chondrocytes, and osteoblasts from the mouse embryo in 
vivo. RNA from these cells underwent RNA-seq and transcriptomic analyses. The GRN directing 
the differentiation of immature chondrocytes, mature chondrocytes, and osteoblasts was estimated 
using gene co-expression network (GCN) analyses (Stuart et al. 2003; Mahanta et al. 2012; McCall 
2013; Khosravi et al. 2015), and the relationships of Sox9 and Runx2 to portions of this GRN were 
evaluated. While a wealth of information was generated on genes associated with skeletal cell 
differentiation, our LCM-RNA-seq approach also can help to reveal GRNs in any cell type in vivo, 
meanwhile identifying genomic loci that are predicted to have discrete molecular mechanisms of 





3.3.1. While immature chondrocytes, mature chondrocytes, and osteoblasts shared the 
expression of many genes, immature chondrocytes and osteoblasts showed the least 
similarity  
 
Immature and mature chondrocytes, the latter composed of a heterogeneous population of 
pre-hypertrophic and hypertrophic cells, were obtained from the mouse humerus at E14.5 (Fig. 
9A,C-E). Bone is evident in the perichondrium surrounding mature cartilage of the E14.5 humerus, 
but vascular invasion into mature cartilage has not yet occurred (Maes et al. 2002), thus avoiding 
the introduction of contaminating cell types (Fig. 9A,C-E,G-J). Osteoblasts were isolated from the 
E14.5 dentary, an intramembranous bone in the jaw adjacent to Meckel’s cartilage (Fig. 9B,F). This 
allowed capture of osteoblasts without chondrocyte contamination (Fig. 9F,K-L), a likely problem 





immature chondrocytes (IMM), mature chondrocytes (MAT), and osteoblasts (OST; n=3 for each 
cell type).  
To evaluate similarities and differences among the IMM, MAT, and OST transcriptomes, a 
principal component analysis (PCA) was performed. PCA is a dimension reduction method and has 
been extensively used in gene expression analysis (McLachlan et al., 2004; Sharov et al., 2005) to 
emphasize variation and bring out strong patterns.  This approach was used to test the similarities in 
gene expression between IMM, MAT, and OST.  The variation in the samples was captured well 
with two components (71.1% variance explained by PC1 and PC2; Fig. 10A). PCA grouped samples 
according to cell types, suggesting that variation between cell types was greater than variation 
between replicates, in part validating the LCM technique. The IMM transcriptome was separated 
from other samples in PC1/PC2 with 95% confidence, while MAT and OST transcriptomes 
overlapped in PC1/PC2, suggesting overlapping and distinct aspects of gene expression among the 
three cell types (Fig. 10A). In order to explore further the relatedness among skeletal cell 
transcriptomes, correlation plots of log2 gene expression were generated (Fig. 10B-F). First, 2D plots 
showed that the overall gene expression profile of MAT was similarly high to both IMM (R2 =0.80; 
Fig. 10B) and OST (R2= 0.79; Fig. 10C), suggesting that portions of the GRN driving IMM and 
OST are also active in MAT. OST data were from the jaw, while IMM and MAT data were from 
the limb.  By contrast, IMM and OST were much less similar (R2=0.63; Fig. 10D), supporting the 
idea that distinct GRN portions operate in IMM and OST. These datasets were also compared to 
published transcriptomic data from grossly dissected articular cartilage and skeletal muscle from 
juvenile mice (Goodwin et al. 2014; Dudek et al. 2016). As expected, the gene expression profiles 
of IMM, MAT, and OST captured by LCM were more similar to grossly dissected cartilage than to 
skeletal muscle (Fig. 10E,F). Finally, to visualize the relationship among all three skeletal cell 
transcriptomes simultaneously, 3D plots were generated. The 3D plots showed a highly correlated 
relationship among IMM, MAT, and OST gene expression, resulting in a more restricted shape that 
did not take up as much area of the plot (R2= 0.89; Fig. 10G) as when muscle was plotted with IMM 







Figure 9. Laser capture microdissection allowed the isolation of specific skeletal cell types from the mouse E14.5 
humerus and mandible. (A, B) Whole-mount Alcian blue and Alizarin red staining identified cartilage and bone. (C) 
Safranin O-stained section of E14.5 humerus highlighted the mature cartilage region (yellow dotted outline). High-
magnification images of immature (D) and mature chondrocytes (E) illustrated cell hypertrophy in mature cartilage. (F) 
Trichrome-stained section of E14.5 mandible showed Aniline blue staining of bone matrix in the dentary (d). Unstained 
sections of E14.5 mouse humerus before (G) and after (H) laser capture of immature chondrocytes, and before (I) and 
after (J) laser capture of mature chondrocytes.  Unstained sections of E14.5 mouse dentary before (I) and after (J) laser 
capture of osteoblasts. Abbreviations: IMM, immature chondrocytes; MAT, mature chondrocytes; OST, osteoblasts; 
Mk, Meckel’s cartilage; d, dentary bone; Pb, perichondral bone; h, humerus; s, scapula; r, radius; u, ulna (LCM credit: 






Figure 10. PCA analysis emphasized similarities and differences in gene expression. (A) OST transcriptomes 
showed the least variation along PC1/PC2 compared to the other cell types. Pairwise log2 gene expression plots (each 
dot is a gene) demonstrated that MAT was equally similar to both (B) IMM (R2=0.80), and (C) OST (R2=0.79). (D) 
IMM and OST were the most disparate datasets (R2=0.63). Skeletal cells captured by LCM showed a more similar 
expression pattern to (E) grossly dissected cartilage, than to (F) skeletal muscle. 3D log2 gene expression plots confirmed 






3.3.2. Mature chondrocytes had fewer uniquely expressed genes than immature 
chondrocytes or osteoblasts 
 
Gene expression level thresholds were established for each cell type based upon normalized 
count distributions, and comparative analyses identified genes that were unique to each skeletal cell 
transcriptome. The numbers of genes expressed in IMM, MAT, and OST were 11,485, 11,922, and 
11,963, respectively. MAT shared expression of several genes with only one of the other cell types: 
857 with OST, and 505 with IMM (Fig. 11A). Similar to the log2 gene expression plot (Fig. 10D), 
the least overlap between two cell types was between IMM and OST (228; Fig. 11A). “Unique” 
genes were defined to be expressed exclusively above threshold values in only one cell type.  MAT 
had the fewest unique genes (321), compared to OST (639) and IMM (513).  The presence of unique 
gene expression in MAT, however, argues that MAT is not simply a mixture of IMM GRN-
dependent cells and OST GRN-dependent cells. 
 
3.3.3. Novel transcripts expressed at very low levels in MAT demonstrated the unbiased 
sensitivity of LCM-RNA-seq 
 
The unbiased nature of RNA-seq allows identification of genes that were not known 
previously to be involved in a biological process. The present datasets were cross referenced with 
published microarray data in order to identify unique genes that had not been associated with 
chondrocytes or osteoblasts; data not shown). Using RNA in situ hybridization, two previously 
uncharacterized unique MAT genes, phosphodiesterase 11A (Pde11a) and reproductive homeobox 
8 (Rhox8), were confirmed to be expressed specifically in mature cartilage of the E14.5 humerus, 
along with the hallmark mature chondrocyte gene Col10a1 (Fig. 11B-E).  Overall, the average MAT 
gene had over 2000 transcript counts and the minimum counts for a gene considered expressed in 
this cell type was 24 counts. Given that Pde11a (150 counts) and Rhox8 (73 counts) were expressed 







3.3.4. Mature chondrocytes had fewer differentially expressed genes than immature 
chondrocytes or osteoblasts  
 
Similar to the unique gene analyses, the hypothesis predicts that MAT would have fewer 
differentially expressed genes (DEGs) than IMM or OST. A prerequisite for designating a gene as 
a DEG was that it be expressed above threshold in more than one cell type (otherwise, it was termed 
“unique”; see Fig. 11). Count thresholds were determined to be 25, 24, and 18 for IMM, MAT, and 
OST, respectively. Of those DEGs specific to one cell type (i.e., significantly upregulated or 
downregulated compared to both other cell types), MAT expressed far fewer (42) than IMM (270) 




Figure 11. Validation of novel ‘unique’ genes expressed in mature chondrocytes. (A) Venn diagram of genes 
expressed above threshold demonstrated that MAT had the fewest unique genes (321), compared to OST (639) and IMM 
(513).  (B) Safranin O-stained section of E14.5 humerus highlighted the mature cartilage region (yellow dotted outline).  
RNA in situ hybridization validated (C) Col10a1 as a positive control for MAT, and also (D) Pde11a and (E) Rhox8 as 
novel unique MAT genes.  Holes are artifacts and do not represent vascular invasion. Abbreviation: SafO=Safranin O 







Figure 12. Analyzing genes differentially expressed in one skeletal cell type compared to both other cell types 
demonstrated that MAT had the fewest. (A) Of the 42 DEGs in MAT, only one was downregulated. (B) Safranin O-
stained section of E14.5 humerus highlighted the mature cartilage region (yellow dotted outline). In situ hybridization 
of DEGs in MAT: confirmed (C) Col10a1 and (D) Ihh as positive controls; and validated (E) Prom1, (F) Parm1, and 
(G) Ttll3 as novel MAT genes. Holes are artifacts and do not represent vascular invasion. Abbreviation: SafO=Safranin 








Figure 13. Pairwise comparisons showed that many genes are differentially expressed in IMM compared to OST. 
A gene was considered differentially expressed if it had an absolute log2 fold change greater than 2. A total of 864 genes 
are differentially expressed between IMM and MAT, 2367 genes are differentially expressed between IMM and OST, 
and 782 genes are differentially expressed between MAT and OST. This differential gene expression analysis also 
included genes in the overlap between the three cell types (see Fig. 11A). Gene lists used for DEGs graphs were 




Pairwise comparisons between two of the cell types showed that many genes are differentially 
expressed in IMM compared to OST, supporting the idea that distinct portions of the GRN are active 
in these two cell types (Fig 13). DEGs between IMM and OST suggest that These data also 
suggested that the MAT regulatory state is largely, but not exclusively, a mixture of gene expression 
between IMM and OST. Alternatively, the fact that mature chondrocytes had less DEGs could also 





captured. For instance, gene ontology analyses revealed that apoptosis was an enriched biological 
process in mature chondrocytes (Fig. 14), suggesting that some MAT at later stages of 
differentiation were already expressing genes required for this programmed cell death. 
RNA in situ hybridization was used to confirm not only the upregulation of hallmark mature 
chondrocyte markers in our MAT RNA-seq dataset, but also to validate DEGs not previously 
associated with mature chondrocytes. Consistent with previous findings (Kielty et al. 1985; St-
Jacques et al. 1999; Zheng et al. 2003), Col10a1 and Ihh were differentially expressed in MAT, and 
their expression was confirmed in mature cartilage of the E14.5 humerus (Fig. 12B-D, Table 1). In 
addition, many MAT DEGs that had not been associated previously with skeletal development 
(Bruyninx et al. 1999; Park et al. 2013; Mak et al. 2014; Rocha et al. 2014) were identified, including 
the prostate androgen-regulated mucin-like protein 1 (Parm1), prominin 1 (Prom1), and the tubulin 
tyrosine ligase-like family, member 3 (Ttll3; Table 1). Expression of these genes was confirmed in 
mature cartilage of the E14.5 humerus (Fig. 12E-G), validating the reliability of the RNA-seq 
dataset. In addition, gene ontology analyses showed that genes enriched in MAT are involved in 





























Figure 14. Gene ontology analysis showed enriched biological processes in IMM, MAT, and OST. (A) Enriched 
biological processes in IMM included chondrocyte differentiation and cartilage development. (B) Enriched biological 
processes in OST included bone mineralization and osteoblast differentiation. (C) Enriched terms in MAT included 






3.3.5. Two independent portions of the GRN driving IMM and OST overlap partially in 
MAT 
 
To determine whether portions of the GRN driving IMM and OST could possibly be 
interacting in MAT, the GRN driving the differentiation of these skeletal cells was estimated based 
upon co-expression analysis of all unique and differentially expressed (including pairwise 
comparisons) genes (DEGs). Gene co-expression networks (GCN) are graphs composed of edges 
that connect highly co-expressed genes (McCall 2013; Khosravi et al. 2015). Since GCNs can 
provide more information than clustering, enabling a geometric interpretation, and can be used to 
predict GRNs (Mahanta et al. 2012; McCall 2013), this approach was applied to the LCM-RNA-seq 
data obtained from all three cell types. A total of 3292 DEGs were included in this analysis. GCN 
analysis identified two large networks (i.e., inferred GRN portions) of positively correlated genes 
(i.e. genes positively interacting; Fig. 15A, red lines in GRN) that were negatively correlated with 
each other (i.e. genes negatively interacting; Fig. 15A, blue lines in GRN). MAT-enriched genes 
were in both networks, whereas genes enriched in IMM and OST were located in opposite networks 
(Fig. 15A, Fig. 16A). The yellow bridging portion of the GCN contained several hallmark mature 
chondrocyte genes, such as Col10a1 and Ihh, as well as the novel MAT genes whose expression 
was validated, such as Parm1, Prom1, Ttll3, Rhox8, and Pde11a (Fig. 15A, Fig. 16A). Together, 
GCN analyses clearly demonstrated that portions of the GRN operating in IMM and OST, interact 
(yellow bridging portion) in MAT.   
How well do Sox9 and Runx2 expression patterns support the idea that SOX9 directs one 
portion of the GRN and RUNX2 directs the other? GCN analysis placed Sox9 and Runx2 in separate 
portions of the GRN. Sox9 was placed in the enriched IMM portion of the network and Runx2 in the 
OST enriched portion of the network. Importantly, Sox9 and Runx2 were positively correlated with 
genes of their own network and negatively correlated with genes closer to the other network (Fig 
15A,A’,A’’). Minimized to nearest neighbor nodes, Sox9 had a higher degree of centrality (i.e., more 
correlated genes) compared to Runx2 (135 vs. 18, respectively; Fig 15B,C, Fig. 16B). Many genes 
known to be associated with Sox9 or Runx2 were in the appropriate estimated networks. For 
example, several genes positively correlated with Sox9 included classical cartilage genes (e.g., 
Col2a1, Col9a1, and Acan) that are under SOX9 transcriptional control (Lefebvre et al. 1997; Sekiya 





negatively correlated with Sox9 (e.g., Dlx2, Dlx4, and Msx1; Satokata and Maas 1994a; Panganiban 
and Rubenstein 2002; Li et al. 2008; Nassif et al. 2014; Wu et al. 2015). Genes with a known role 
during bone formation were positively correlated to Runx2, including Bmp7, Bambi, and Angpt1 
(Fig. 15C; Tou et al. 2003; Luu et al. 2007; Higashihori et al. 2008; Kishiya et al. 2008; Park et al. 
2016; Colden et al. 2017). Importantly, Sox9 was differentially expressed in IMM and MAT, 
whereas Runx2 was differentially expressed in MAT and OST (Tables 2,3). Other transcription 
factors included in this GRN are Sox5, Sox6, and Runx3 which are upregulated in IMM and MAT 
compared to OST, and Sp7 which is upregulated in OST compared to IMM and MAT (Tables 2,3). 
When comparing gene expression levels of classic skeletal transcription factors, the relationship 
between IMM and OST is mostly antagonistic (Tables 2,3). Together, these data support the idea 
that a transcriptional program mediated by SOX9 drives cartilage formation, a transcriptional 
program mediated by RUNX2 drives bone formation, and both operate during cartilage maturation. 
Similarly, three distinct regulatory states were identified, with MAT as an intermediate state between 
the other two cell types, using published regulatory connections among these genes as input to the 
GRN modeling software BioTapestry (Fig. 17; Longabaugh et al. 2005). The topology of the GCN 







Figure 15.  Gene co-expression network (GCN) analyses in mouse skeletal cell types. (A)Using GCN analyses, two 
portions of the GRN active in IMM and OST interact in MAT. One portion of the GRN contained the chondrogenic 
transcription factor SOX9, associated mostly with IMM genes (A’), while another portion of the GRN contained the 
osteogenic transcription factor RUNX2, associated mostly with OST genes (A’’).  Portions of the GRN active in IMM 
and OST operate in MAT (yellow bridging portion).  (B) The isolated Sox9 portion of the network showed a high degree 
of centrality (135), and many of its nearest neighbors (i.e. Col2a1, Col9a1, and Acan) are known to be under SOX9 
transcriptional control. For visualization purposes, only a portion of the SOX9 network were included (see Fig. 16B for 







Figure 16.  Co-expression network analyses.  (A) The bridging portion of the GCN contained several mature 
chondrocyte genes, such as Col10a1 and Ihh, as well as the novel MAT genes whose expression was validated, such as 
Parm1, Prom1, Ttll3, Rhox8, and Pde11a. (B) Genes associated with the SOX9-mediated portion of the GRN. Co-
expression network analysis identified 135 Sox9 nearest neighbors. Two groups of positively correlated genes were 
identified. One side of the diagram included genes enriched in IMM and MAT, which are positively correlated with 
Sox9, whereas the other group included enriched genes in OST and MAT, which are negatively correlated with Sox9. 
Enriched genes in MAT are included in both groups of genes, meaning that this tissue expresses both chondrogenic and 





Table 2. Pairwise comparisons showing differentially expressed transcription factors in the three 
skeletal tissues 
 




























Gene logFC logCPM PValue
Runx2 2.95 7.53 4.86E-05
Sox5 -2.13 6.93 1.92E-07
Sp7 5.42 7.81 1.12E-14
Sox8 -2.42 4.12 3.00E-08
MAT vs IMM cartilage
Gene logFC logCPM PValue
Runx2 3.91 7.53 2.44E-07
Sox9 -4.33 8.67 1.41E-16
Sox5 -5.65 6.93 9.70E-32
Sox6 -1.99 6.43 5.03E-06
Sp7 6.93 7.81 2.26E-20
Runx3 -2.64 5.15 1.32E-06
Sox8 -5.81 4.12 2.28E-28
Sox10 -4.67 1.51 8.35E-06
BON vs IMM
Gene logFC logCPM PValue
Sox9 -3.48 8.67 5.05E-12
Sox5 -3.52 6.93 1.34E-15
Runx3 -2.94 5.15 1.04E-07







Table 3. Expression levels of common skeletal cell transcription factors. The table includes 
averaged normalized counts in the three different biological replicates of each skeletal cell type. 
 
 
TFs IMM1 IMM2 IMM3 MAT1 MAT2 MAT3 OST1 OST2 OST3
Runx1 61 94 61 143 271 173 113 152 133
Runx2 500 23 434 3131 2606 1690 5420 4989 4315
Runx3 831 159 831 730 829 691 85 91 124
Sox10 76 33 161 11 2 40 2 2 6
Sox5 4120 3008 4891 992 727 1021 97 74 74
Sox6 2139 2936 1444 769 539 1168 571 509 585
Sox8 587 468 706 109 112 107 8 12 12
Sox9 11857 12345 7193 6401 2712 8160 405 630 552






Figure 17. Validated gene regulatory network of vertebrate skeletal cells shows that the MAT regulatory state is 
an overlap of gene expression between IMM and OST states. Interaction data was compiled from the literature. 
Regulatory interactions are separated in three categories: genes enriched in IMM, genes enriched in MAT, and genes 
enriched in OST. Novel transcription factors identified by GCN analyses are included as single-nodes to the left of the 
network. Arrowheads represent positive interaction, whereas negative interactions are depicted as –|. Interactions 






Figure 18.  GRN structure remains the same after network validation. Network diagram in cytoscape after 





3.3.6. Portions of the GRN active in IMM and OST were expressed independently in MAT, 
whereas other portions suggested interaction between distinct transcriptional 
programs via averaging and synergism 
 
These analyses of in vivo LCM-RNA-seq data suggested that MAT somehow utilizes portions 
of the GRN present in IMM and OST, but the exact molecular mechanisms of this regulation are 





interacting in MAT, model-based cluster analysis was performed, identifying specific categories of 
gene expression (Fig. 19A). In some clusters, gene expression in MAT was statistically similar to 
one of the other cell types (IMM or OST; Fig. 19D,H). For example, cluster 7 had expression levels 
in MAT statistically similar to IMM, with both MAT and IMM being statistically different from 
OST. Cluster 3 had expression levels in MAT that were indistinguishable statistically from OST, 
and both MAT and OST were statistically different from IMM. Cluster 3 included Runx2, as well as 
important mineralization genes and classic osteoblast differentiation markers, such as Mmp13 and 
Spp1/Osteopontin, that are regulated by RUNX2 (Drissi et al. 2000; Komori 2010). These clusters 
suggested that portions of the GRN active in IMM and OST do not interact in MAT, but rather are 
expressed independently.  
Other clusters provided evidence that portions of the GRN operating in IMM and OST 
interacted in MAT. For instance, clusters 1 and 4 had gene expression in MAT that was statistically 
indistinguishable from the average (AVE) gene expression between IMM and OST, meanwhile 
being statistically different from either IMM or OST (Fig. 19B,E). Cluster 1 included Sox9, as well 
as classical genes involved in chondrogenesis, such as Col2a1, Col9a1, Acan, Mgp, and Sox5, that 
are regulated by SOX9 (Mead et al. 2013; Oh et al. 2014; Ohba et al. 2015). Other clusters also 
showed intermediate expression in MAT, compared to IMM and OST, even though they were not 
statistically similar to the AVE (i.e. average expression between IMM and OST; Fig. 19C,F,G,J,K). 
Cluster 8 had expression levels in MAT that suggested a synergistic interaction between IMM and 
OST GRN portions (Fig. 19I). Cluster 8 contained the hallmark chondrocyte maturation markers 
Col10a1 and Ihh (Kielty et al. 1985; St-Jacques et al. 1999; Zheng et al. 2003), which showed 
enhanced expression in MAT (Table 1). In general, these data identified specific genomic loci that 
are predicted to have two distinct molecular mechanisms of GRN interaction: averaging and 
synergism. In summary, GRN portions directing IMM and OST that are associated with Sox9 and 







Figure 19. Model-based clustering demonstrated that groups of IMM, MAT, and OST genes had discrete 
categories of expression. (A-K) Heatmap and box plots showed the distribution of gene expression change among cell 
types compared to the average expression across all three cell types. AVE represented average expression of IMM and 
OST. MAT expression in cluster 3 (D) was significantly similar to OST, whereas MAT expression in cluster 7 (H) was 
significantly similar to IMM, suggesting that p IMM- and OST-enrieched portions of the GRN operate independently 
in MAT. (B, E) In clusters 1 and 4, gene expression in MAT was statistically indistinguishable from AVE, suggesting 
that portions of the GRN active in IMM and OST interact via averaging in MAT. (I) Cluster 8 had statistically higher 
gene expression in MAT than in either IMM or OST, suggesting that IMM- and OST-portions of the GRN interact 





3.3.7. EBF2 and IRX6 are putative novel regulators of chondrocyte maturation 
 
To test whether other transcription factors besides Sox9 and Runx2 might be regulating 
mature chondrocyte differentiation and to provide functional verification of our data, cell 
transfection experiments were performed with two transcription factors upregulated in MAT 
compared to IMM, Early B cell factor 2 (Ebf2) and Iroquois homeobox 6 (Irx6). Ebf2 has a role in 
regulating the osteoblast-dependent differentiation of osteoclasts (Kieslinger et al. 2005), but its role 
in cartilage maturation is unknown. Likewise many Iroquois genes have roles in skeletal 
development (Askary et al. 2015; Cain et al. 2016; Tamamura et al. 2017), but the function of Irx6 
during cartilage maturation remains to be revealed.  
Micromass cultures of the ATDC5 chondrogenic cell line (Yao and Wang 2013) were 
transfected with Ebf2 and Irx6 to confirm their functional roles during chondrocyte maturation (Fig. 
20). The ATDC5 cell line has been derived from mouse teratocarcinoma cells, and it is a well-
established in vitro model for chondrocyte differentiation. Numerous studies have used ATDC5 cells 
to understand the mechanisms driving endochondral ossification since this cell line mimics the 
different stages involved in this type of ossification such as, mesenchymal condensation, 
chondrocyte differentiation, hypertrophy, and matrix mineralization (Yao and Wang 2013). 
Micromass cultures were analyzed at days 7 and 14 and imaged by fluorescent microscopy which 
showed that both EBF2 and IRX6 remain highly expressed at these time points, confirmed by the 
positive expression of mCherry and RT-PCR (Fig. 20A,B). Chondrogenic differentiation in 
micromass cultures occurs by day 7 which is characterized by an increased expression of classic 
immature cartilage genes, such as Col2a1 and Acan (Tanoue et al. 2018). Then, by day 14 the onset 
of cartilage matrix mineralization occurs and expression of the hallmark mature cartilage marker 
Col10a1 reaches its highest level (Newton et al. 2012; Li et al. 2016). Chondrogenic differentiation 
of transfected micromass cultures at day 14 was evaluated using different staining techniques. Alcian 
blue staining confirmed the presence of secreted sulfated proteoglycans in both GFP- transfected 
control (Fig. 21A,D) and EBF2- and IRX6-transfected groups (Fig. 21B,C-E,F). No differences in 
Alcian blue staining were observed between EBF2/IRX6 groups and GFP-controls. Alkaline 
Phosphatase (ALP) staining activity was also evaluated in both GFP-controls and EBF2/IRX6 
experimental groups. An increase in ALP stained areas was observed in EBF2/IRX6 groups relative 





found between groups (p>0.05; Fig. 21M). No Alizarin red staining was confirmed in any of the 
groups by day 14 (Fig. 21G-L). Differentiation of these cultures was also confirmed by assessing 
the expression of important maturation and mineralization markers, including Col10a1, Ihh, Mmp13 
and Spp1 (Fig. 22). RT-PCRs are not quantitative, therefore Ebf2/ Irx6 groups were not assessed for 
differences in gene expression relative to GFP-controls. Since Ebf2 and Irx6 showed higher fold 
changes in MAT compared to IMM in our data (Ebf2, LogFC 7.86; Irx6, LogFC 8.034) these 
transcription factors are believed to accelerate cartilage maturation perhaps by regulating the 





Figure 20.  Overexpression of EBF2 and IRX6 in micromass cultures of ATDC5 cells. (A) Protein expression of 
GFP (control), EBF2, and IRX6 in micromass cultures of ATDC5 cells at days 7 and 14. The genes GFP, Irx6 and Ebf2 
were all transfected in the pP2A-mCherry-N2 vector which enables bicistronic expression of protein of interest and 
mCherry (see methodology for more details). Untransfected controls do not show expression of GFP or mCherry because 
the vector was not overexpressed in these cell types. No fluorescence above background was detected in untransfected 
controls. (B) RT-PCR confirming the overexpression of Ebf2 and Irx6 in micromass cultures at days 7 and 14. 
Expression levels of Ebf2 and Irx6 in transfected cells are higher compared to the GFP- transfected control, which 
expresses low levels of endogenous Ebf2 and Irx6.  
 
 
Immunofluorescence quantitation results provided preliminary evidence that overexpression 





compared to GFP-transfected controls (Fig. 23A,B). These results suggest that EBF2 and IRX6 
might be directly or indirectly influencing COLX expression, possibly in coordination with SOX9 
and RUNX2 (Fig. 24), but future in vivo functional studies can further confirm the role of Ebf2 and 
Irx6 during cartilage maturation.  
 
 
Figure 21. Stained Alkaline phosphatase area increases in EBF2/IRX6 experimental groups relative to GFP-
controls, but no differences in Alcian blue or Alizarin red staining patterns were observed between controls and 
experimental groups. (A-F) Alcian blue staining of micromass cultures at day 14 confirmed the secretion of sulfated 
proteoglycans. (D-F) High magnification of boxes in (A-C). (G-I) Alizarin red positive staining was absent at day 14, 
only background staining was observed. (J-L) Alkaline Phosphatase activity (ALP) was confirmed (Scale bars: A-C, 
2mm; D-L, 100 μm). (M) Box plots representing stained ALP area show an increase in stained areas in both EBF2 and 







Figure 22. RT-PCR confirmed the expression of important chondrocyte markers in transfected micromass 






Figure 23. Overexpression of EBF2 and IRX6 in ATDC5 micromass cultures led to statistically significant 
increases in COLX protein expression area. (A) Expression of COLX in micromass cultures transfected with GFP, 
EBF2, and IRX6. (B) The immunostained COLX area in cells overexpressing EBF2 and IRX6 is significantly higher 
compared to the GFP-transfected control cells. A similar region in the micromass was quantified and compared between 







Figure 24. EBF2 and IRX6 are potential novel transcription factors regulating gene expression in MAT in 
coordination with SOX9 and RUNX2. Two transcriptional programs regulated by SOX9 and RUNX2 are present in 
IMM, MAT, and OST. GCN analysis indicate that the transcription factors EBF2 and IRX6 might be regulating the 






A deeper understanding of biological processes can come from comparing transcriptomes 
of different cells. Here, LCM-RNA-seq was used to characterize the in vivo transcriptomic profiles 





osteoblasts (OST). In addition to identifying a number of genes previously unassociated with 
skeletal cells, our findings shed light on two main issues regarding the molecular mechanisms of 
skeletal cell differentiation: the structure of the underlying GRN(s) and regulatory control of MAT 
gene expression.  
Skeletal cells differentiate from common osteochondroprogenitors (Day et al. 2005), so one 
GRN might regulate differentiation of these progenitors along three developmental pathways. 
Indeed, almost 80% of genes expressed in IMM, MAT, and OST were shared (Fig. 11). Also, MAT 
gene expression was largely an overlap of genes expressed in IMM or OST, since it had the fewest 
unique genes and DEGs (Figs. 11,12, and 13). The fact that MAT expressed an overlapping subset 
of IMM and OST genes also was illustrated by evaluation of GRN structure only using genes with 
regulatory connections that had been confirmed by functional molecular genetic experiments (Figs. 
17&18). GCN analyses estimated one GRN, and distinct portions active in each cell type. Two large 
transcriptional programs (i.e. SOX9 and RUNX2) active in distinct portions of the GRN were 
identified in these three cell types, with genes that were unique or differentially expressed in MAT 
located in a bridging portion between those two programs (Fig. 15). GCN analyses cannot identify 
all regulatory relationships of a GRN, so functional experiments should be carried out in the future 
to validate the GRN estimated for skeletal cells here (Azpeitia et al. 2010; Streit et al. 2013; He et 
al. 2017).  
 The transcriptome data presented here supported a binary code of SOX9 and RUNX2 in 
determining skeletal cell differentiation (Eames et al. 2004), suggesting that these chondrogenic and 
osteogenic transcription factors dominate the underlying GRN (Cole 2011; Kerkhofs et al. 2012; 
Wu et al. 2014; Gomez-Picos and Eames 2015; Ohba et al. 2015). Consistent with previous studies 
(Hall 1978; Bi et al. 1999; Akiyama et al. 2002; Lian and Stein 2003; Eames and Helms 2004; Eames 
et al. 2004; Yoshida et al. 2004; Zhou et al. 2006; Cheng and Genever 2010), Sox9 was upregulated 
in IMM and MAT, compared to OST, whereas Runx2 was upregulated in MAT and OST, compared 
to IMM (Tables 2,3). Using LCM-RNA-seq on Sox9 and Runx2 gain- and loss-of-function tissues 
in vivo would help to validate the estimated transcriptional programs active in this GRN, but SOX9 
or RUNX2 regulate many genes that were highly correlated to Sox9 and Runx2 expression. For 
example, Sox9 was positively correlated with, and SOX9 is known to bind enhancers and promote 
transcription of, many cartilage genes, such as Col2a1, Col9a1, and Sox5 (Lefebvre et al. 1997; 





cartilage maturation and bone genes that RUNX2 regulates, including Col10a1, Mmp13, and Ibsp 
(Wang et al. 2004a; Komori 2010). The present study expands current understanding of the skeletal 
cell GRN in vivo, which was previously estimated using published gene interaction data (Cole 2011; 
Kerkhofs et al. 2012). Seven transcription factors in the previous chondrocyte GRN implicated in 
cartilage differentiation (Runx3, Foxa2, Foxa3, and Sox8) and hypertrophy (e.g. Dlx6, Atf3, and 
Irx3) had no known regulatory connections (Cole 2011). These transcription factors were 
incorporated into the GRN estimated here. Minimal overlap was found between the in vivo GCN 
reported here and published SOX9 and RUNX2 target gene datasets in skeletal cells (data not shown; 
Wu et al. 2014; Ohba et al. 2015). This discordance could be explained by limited statistical power 
of the published datasets, or the different techniques used to isolate cell types of interest. 
Although both SOX9 and RUNX2 are required for cartilage maturation (Komori et al. 1997; 
Bi et al. 1999; Nakashima et al. 2002; Karsenty et al. 2009; Dy et al. 2012), the analyses presented 
here suggested distinct molecular mechanisms through which the SOX9 and RUNX2 transcriptional 
programs might interact in this process. Several DEGs and unique genes in MAT were highly 
correlated with both Sox9 and Runx2 expression, so SOX9 and RUNX2 might be able to regulate 
coordinately some of the same genes. Indeed, both transcription factors promote the expression of 
the hallmark chondrocyte maturation gene Col10a1 (Zheng et al. 2003; Dy et al. 2012). In other 
cases, SOX9 and RUNX2 might have antagonistic effects on a given gene. For example, SOX9 
inhibits, while RUNX2 promotes, the expression of MAT (and OST) genes, such as Spp1, Mmp13, 
Alpl, and Vegfa (Drissi et al. 2000; Zelzer et al. 2001; Zheng et al. 2003; Wang et al. 2004a; Hattori 
et al. 2010; Komori 2010; Leung et al. 2011; Peacock et al. 2011; Dy et al. 2012; Weng and Su 
2013; Herlofsen et al. 2014).   
Are there other transcription factors driving a portion of the GRN operating specifically in 
mature chondrocytes? Functional data overexpressing two MAT-enriched transcription factors, 
EBF2 and IRX6, in the chondrogenic cell line ATDC5 provided preliminary evidence that these 
transcription factors might be directly or indirectly regulating expression of COLX in MAT (Fig. 
23). Increased ALP staining was also observed in EBF2/IRX6 groups relative to GFP-controls, 
suggesting that these transcription factors might also accelerate matrix mineralization, even though 
no statistically significant differences were found between groups (Fig. 21M). Both Ebf2 and Irx6 
are negatively correlated to genes regulated by SOX9 and positively correlated with genes regulated 





regulating MAT differentiation independently. IRX6 might be part of a repression circuit that 
enables the transition from IMM to MAT phenotypes. The general relevance of a repression circuit 
was demonstrated by several negative interactions GRN portions including SOX9 and RUNX2 in 
our GCN analyses (Fig.13). Future gain- and loss-of-function experiments coupled to quantitative 
protein assays can confirm whether Ebf2 and Irx6 (and other novel MAT-enriched transcription 
factors included in this GRN) are indeed altering COLX expression levels and influencing cartilage 
maturation. 
 Model-based clustering analysis identified the same exact categories of gene expression in 
MAT, where different portions of one GRN interact, that were described in cells of hybridized 
organisms, where interaction between portions of different GRNs would be expected. For example, 
in hybrid species of cotton, expression levels of some groups of genes were similar to either one or 
the other parent (Hu et al. 2016), suggesting independent GRN activity (Fig. 25A). Other groups of 
genes in the hybrid either had expression levels that were an average of the parent species or above 
parental levels (Hu et al. 2016), suggesting GRNs interact via averaging or synergism, respectively 
(Fig. 25B). Expanding the generality of this phenomenon, identical trends in gene expression also 
were described in hybrid species of hamster (Brekke et al. 2016). Importantly, the presence of 
synergistic genes in MAT argues strongly that, despite the heterogeneity of captured mature 
chondrocytes, MAT expression did not simply represent an amalgamation of portions of the GRN 
active in IMM and OST. An intriguing possibility for future research is that these categories of gene 
expression might predict specific groups of genes that should have distinct molecular mechanisms 
of regulation. Loci showing independent activity of GRN portions should share specific features of 
regulatory architecture, perhaps using binding sites of transcription factors exclusive to one portion 
of the GRN. In the case of interacting GRN portions, transcription factors from different portions 
of the GRN might antagonize each other at loci showing average levels of gene expression, or they 
might bind cooperatively at loci showing synergistic expression levels. The LCM-RNA-seq 
approach utilized here establishes a novel, unbiased system through which GCN analysis can 
estimate GRNs in any cell type in vivo, meanwhile identifying specific genomic loci predicted to 








Figure 25. Model based upon LCM-RNA-seq data showing independent and interacting portions of the GRN in 
MAT. (A) Independent regulation: portions of the GRN including SOX9 from IMM and the portion of the GRN 
containing RUNX2 from OST do not interact in MAT, resulting in gene expression in MAT that is similar to either 
IMM or OST.  (B) Interactive regulation: portions of the GRN including SOX9 from IMM and the GRN portion 
including RUNX2 from OST interact in MAT. In some cases, genes in MAT showed an average expression between 
levels seen in IMM and OST (e.g. gene 12). In other cases, genes in MAT showed synergistic effects compared to 
expression levels in IMM or OST (e.g., SOX9 and RUNX2 cooperatively repress or promote expression, such as genes 
9 or 11, respectively). Other MAT transcription factors, TFa and TFb, might also interact with SOX9 and RUNX2, 
enhancing (e.g. genes 10 and 13) or repressing (e.g. gene 14) the expression of MAT genes. Pink indicates regulation 























Embryo Collection and tissue processing. All animal procedures were performed according to 
guidelines approved by the University of Saskatchewan Animal Care and Use Committee. 
C57BL/6J mice were obtained from The Jackson Laboratory (Stock# 000664). Pregnant females at 
E14.5 were euthanized by CO2 asphyxiation and embryos were collected in cold phosphate buffered 
saline (PBS) solution.  The (right and left) humeri and lower jaw were dissected from E14.5 embryos 
in an RNase free environment, and then immediately placed in OCT (optimum cutting temperature) 
compound (Tissue-Tek; Sakura Finetek USA, Torrance, CA) using standard cryomolds (Tissue-
Tek; Sakura Finetek USA, Torrance, CA).  Tissues samples were snap frozen in OCT medium by 
using isopentane/ liquid nitrogen, and then stored at -80°C.   
 
Alcian blue/ Alizarin red whole mount skeletal stain. Mouse E14.5 embryos were fixed using 4% 
paraformaldehyde, and then stained with Alcian blue and Alizarin red using an acid-free solution 
that included MgCl2 to differentiate staining, and then cleared in glycerol/KOH as described 
elsewhere (Eames et al. 2011). 
 
Histology. Safranin O/Fast Green staining was performed on 10 μm thick frozen sections of the 
E14.5 mouse humeri, as described previously (Ferguson et al. 1998). Trichrome staining was 
performed on 10μm thick frozen sections of the E14.5 mouse mandible, as described previously 
(Clark and Smith 1993). Humeri were sectioned longitudinally whereas the mandible was sectioned 
along the transverse plane. 
 
RNA in situ hybridization. In situ hybridization was performed on mouse E14.5 humeri 10 μm 
thick frozen sections. Pde11a (NM_001081033.1; nt 1-695) was synthesized by Bio Basic (Canada). 
Plasmids containing the mouse genes, Col10a1 (Lu et al. 2005), Ihh (Spater et al. 2006), Parm1 
(Wittler et al. 2012), Ttll3 (Bosch Grau et al. 2013), Prom1 (Holmberg Olausson et al. 2014), and 
Rhox8 (Brown et al. 2013) were kindly provided by several colleagues (see Acknowledgements). 
RNA probes were prepared from linearized plasmids by in vitro transcription using T7, Sp6, and T3 
RNA polymerases, and labeled with digoxigenin.  In situ hybridization was performed as described 





0.2N HCl for 10 min, followed by proteinase K (1 μg/ml) for 15 min at 37 °C, and postfixed in 4% 
paraformaldehyde.  Hybridization was carried out with RNA probes overnight at 58°C. After 
hybridization, unbound probes were washed and incubated in blocking solution (Roche).  Slides 
were then incubated with anti-DIG antibody coupled to alkaline phosphatase (Roche) followed by 
the addition of BM purple substrate (Roche).  
 
Preparation of histological sections for laser capture microdissection (LCM). Tissue sections 
were cut on a cryostat (Microm GmbH; ESBE Scientific, Walldorf, Germany), and mounted on 
PALM MembraneSlides (P.A.L.M. Olympus - Microlaser Technologies, Bernried, Germany).  
Humeri were sectioned longitudinally whereas the mandible was sectioned along the transverse 
plane. 
 
Laser Capture Microdissection (LCM). Six to ten unfixed frozen sections (10μm/each) were 
collected on a single MMI MembraneSlide (Prod#50102; MMI Molecular Machines & Industries). 
On the day of laser capture, a single slide was removed from -80°C and allowed to thaw for no 
longer than 30 seconds.  The slide was transferred to 70% ethanol for 30 sec to allow fixation of 
sections and then rinsed in chilled diethylpyrocarbonate (DEPC)-treated water for 30 sec to remove 
residual OCT.  The slide was dehydrated through ethanol series (75%, 95%, 100%, 100%) for 1 min 
each at room temperature and allowed to quickly air dry before proceeding immediately to laser 
microdissection.  Since all relevant morphological features of skeletal tissues were easily identifiable 
under light microscopy, no staining step was included in the protocol which greatly reduced the risk 
of RNAse contamination. LCM was performed on a Laser Microdissection - Molecular Machines 
& Industries (MMI) CellCut apparatus. The capture of each tissue was done in triplicate from three 
distinct embryos. Immature and mature chondrocytes were captured from the developing E14.5 
mouse humeri. In contrast, osteoblasts were isolated from the developing dentary in the jaw at E14.5.  
A larger capture area was necessary to obtain a sufficient amount of RNA from mature cartilage 
(both left and right humeri; Table 4).  The captured cells were collected onto the inner lid of 0.5ml 
MMI IsolationCaps (either Diffuser caps (Prod#50202) or Transparent caps (Prod#50204; MMI 
Molecular Machines & Industries).  Capture time per slide was restricted to 30 min in order to ensure 





added to the microcentrifuge tube, which was then inverted so captured cells were submerged in 
lysis buffer, and then stored at -80°C.   
 




RNA Isolation and Amplification.  RNA was isolated using the ARCTURUS PicoPure RNA 
Isolation Kit (ThermoFisher Scientific; Cat# KIT0204) according to the manufacturer’s instructions 
and DNase treatment was done using RNase-Free DNase (Qiagen; Cat#79254).  The RNA from 
immature cartilage (n = 3), mature cartilage (n = 3), and bone (n = 3) were extracted in triplicate 
from three unique tissue samples that were obtained from three different embryos, and thus a total 
of 9 cDNA libraries were constructed.  RNA was amplified one round using MessageAmp II aRNA 
Kit (ThermoFisher Scientific; Cat# AM1751). The RNA integrity was evaluated on the observation 
of a signature eletropherogram pattern (Bioanalyzer). A minimum of 50 ng of amplified RNA was 
used per sample for the construction of each library. 
 
Library preparation and deep RNA Sequencing.  RNASeq libraries were prepared using the 
Illumina TruSeq RNA Sample Prep Kit v2 with the following modification: the protocol was started 
at the Elute, Prime, Fragment step using 5 µl amplified mRNA (minimum amount was 50 ng mRNA 
as determined using Quant-iT RiboGreen RNA Assay Kit (Invitrogen)).  The quality of each library 
was checked on a DNA 1000 chip using the 2100 Bioanalyzer (Agilent Technologies Inc.).  The 
size range of the prepared libraries (insert+ adapters) was 200-600 bp with an average size of 290 
bp.  Library concentrations were determined by qPCR using the KAPA SYBR FAST ABI Prism 





Humerus IMM 1 451,440 
Humerus IMM 2 883,909 
Humerus IMM 3 806,649 
Humerus MAT 1 1,483,648 
Humerus MAT 2 1,855,732 
Humerus MAT 3 1,741,191 
Mandible OST 1 218,981 
Mandible OST 2 396,441 






Equimolar concentrations of the libraries were pooled and a final concentration of 12 pM was used 
for clustering in one lane of a flowcell on the cBOT (Illumina).   The samples were then sequenced 
(2 x 101 cycles, paired-end reads) on the HiSeq2500 (Illumina) using the TruSeq SBS Kit v3-HS 
200 cycles Kit (Illumina). 
 
Reads preprocessing, mapping, quantitation and primary analysis of RNA-seq data.  The 
paired-end Illumina reads were trimmed using a Java -based tool, Trimmomatic v0.30 (Bolger et al. 
2014), and the reads were then mapped to the mm10 mouse genome fom Ensembl using TopHat2 
and Bowtie2 (Langmead and Salzberg 2012; Kim et al. 2013). The location of each read was 
matched to genome annotation using HTSeq-count (Anders et al. 2015). Differential expression 
analysis was performed using EdgeR after excluding genes with zero or very low counts (less than 
3 counts for all cell types) across the cell type, which resulted in 16,553 genes. The distribution of 
average log2 expression across three replicates of each tissue produced three bimodal distributions, 
which were used to set the count thresholds to 25, 24, and 18 for immature cartilage, mature 
cartilage, and bone respectively. Pairwise comparisons between tissues were made with Fisher’s 
exact test, and a gene was considered differentially expressed if it had an absolute log2 fold change 
greater than 2 (p<0.01). The Venn diagrams were constructed using gplots v3.0.1 for isoforms and 
RNA-seq expression data. 
 
Principal component analysis (PCA). PCA was performed on the data using prcomp from the stats 
library in R to determine if the biological replicates of each cell type separated into distinct groups 
based on gene expression variance.  The 95% confidence ellipses were included using R package 
car 2.1-2. 
 
Cytoscape Visualization using Pearson’s Correlation. Pairwise differential expression results 
were visualized using Cytoscape 3.4.0 prefuse force directed layout using Pearson’s correlation 
values of the edges (Lopes et al. 2010). Edges between nodes were limited to a correlation of at least 
+/- 0.95 (the nodes are the two genes or conditions that are correlated). All differentially expressed 






Validated skeletal cell GRN. The skeletal cell GRN was constructed using BioTapestry version 
7.1.2 (www.BioTapestry.org/) following developer’s protocol (Longabaugh et al. 2005; 
Longabaugh et al. 2009). Regulatory interactions were validated using published work on mouse 
skeletal tissues. 
 
GO analysis.  DAVID v6.8 (http://david.abcc.ncifcrf.gov/home.jsp) functional annotation analysis 
was performed on the list of differentially expressed genes (DEGs) in IMM, MAT, and OST, with 
a fold change > 2 or < -2 as well as, in all genes expressed above threshold (i.e. non-DEGs).  The 
GO term biological process (BP) in DAVID was used to perform the gene-annotation enrichment 
analysis using Mus musculus as a background. 
 
Cluster Analysis. The algorithms from MBCluster.Seq 1.0 package in R were used to cluster the 
genes from our RNA-seq data (Si et al. 2014). Genes were assigned to 10 clusters based on 
expression profiles across all three cell types.  
 
Cell culture and micromass experiments. Cell experiments were performed using the 
chondrogenic mouse cell line ATDC5 (Yao and Wang 2013). When cells reached 70-80% 
confluency on a 10 cm dish (~7x106), the cell culture medium was removed, and cells were washed 
with 10 mL of sterile phosphate-buffered saline (PBS). PBS was then removed and 1ml of 0.25% 
trypsin-EDTA (Sigma) was added into the dishes. Ten mL of DMEM/F12 complete medium was 
then added to stop trypsin digestion. Cells were then collected and transferred to a 15 mL conical 
tube and centrifuged at 1000 rpm for 3-5 mins to pellet the cells at room temperature. Digested cells 
were then resuspended in fresh medium and they were counted using a Neubauer chamber. Based 
on the cell numbers, the volume of differentiation medium to make a final cell centration at 2.5x105 
cells/ml was calculated. A 10 μl dot (micromass) was then platted in the center of a well in 24-well 
plate. Micromass cultures were incubated for 90 mins to allow the cells to aggregate and attach to 
culture plate. Finally, 1 mL of differentiation medium was gently added to each well, and it was 
changed every other day. 
 
Alcian blue staining on micromass cultures. Micromass cultures of ATDC5 cells were examined 





described (Izadifar et al. 2016). Cells were fixed for 2 hours at room temperate, and then stained 
overnight at room temperature in 0.5% Alcian blue in 3% acetic acid (pH=1) with gentle rocking. 
Cells were then de-stained in 25% ethanol in 3% acetic acid for one hour, and then washed in 50% 
ethanol in 3% acetic acid, and then imaged using light-microscopy. 
 
Alizarin Red staining on micromass cultures. Calcium deposition in micromass cultures of 
ATDC5 cells was evaluated a day 14 (n=3) using Alizarin red, as described previously (Gregory et. 
al., 2004) with minor modifications. Briefly, cells were fixed in 4% paraformaldehyde and then 
subsequently washed in phosphate buffered saline (PBS, pH 7.4). Cells where then washed in 
deionized water, and 250 µl of 40 mM ARS (Sigma) solution (pH 4.2) was added. Cells were kept 
in this solution for 20 min at room temperature with gentle shaking. Excess die was removed, and 
cells were imaged by microscopy. 
 
Alkaline Phosphatase staining on micromass cultures. Alkaline phosphatase activity was 
identified at day 14 in micromass cultures of ATDC5 cells as described by others (Eames et al. 
2007). Briefly, cells were washed in phosphate-buffered saline (PBS), followed by the addition of 
alkaline phosphatase buffer (100 mm Tris, pH 9.5; 50 mm MgCl2; 100 mm NaCl; 0.1% Tween 20) 
for 5 min. BM purple (Roche, Indianapolis, IN, USA) was then added into the cells, and incubated 
until strong signal appeared. Cells were then washed twice in PBS and imaged by microscopy. 
Alkaline phosphatase stained area was then quantified using ImageJ 
(https://imagej.nih.gov/ij/docs/examples/stained-sections/index.html). The micromass cultures 
predominantly formed a uniform sheet of chondrocytes, so a similar region in each micromass was 
quantified and compared between both GFP-control and EBF2- and IRX6-transfected cultures for 
more accurate comparisons (n=6 for each group). One-way ANOVA coupled to Bonferroni for 
multiple comparisons were performed using IBM SPSS Statistics v 1.0.0.1072 in order to find 
statistical differences (p<0.05).  
 
Cell transfection. The enriched MAT genes Ebf2 and Irx6, were obtained from Bio Basic (Canada), 
and then subcloned into the pP2A-mCherry-N1 vector, which was obtained from Dorus Gadella 
(Addgene plasmid #84329). This vector enables bicistronic expression of protein of interest and 





experiments. Transfection was performed using TransIT-LT1 Transfection Reagent (Mirus Bio, 
Madison, WI). After 48 hours, transfection medium was removed, cells were harvested, and 
micromass experiments were performed. Differentiation media (Dulbecco's Modified Eagle's 
Medium (DMEM-F12), Ascorbate-2-phosphate (A2P), β-glycerophosphate (BGP), and Insulin-
transferrin-sodium selenite (ITS)) was added into these cultures, and cells underwent chondrogenic 
differentiation. Micromass cultures were analyzed at days 7 and 14 and imaged by fluorescent 
microscopy which showed that both EBF2 and IRX6 remain highly expressed at these time points 
(Fig. 20A,B). Cells were then harvested and examined for secretion of sulfated proteoglycans at day 
14, using Alcian blue staining as previously described (Izadifar et al. 2016). Alcian blue staining of 
micromass cultures showed that cells successfully differentiated into chondrocytes (Fig.21).  
 
Immunohistochemistry. Secretion of COLX in micromass cultures was examined at day 14, as 
described previously (Cunliffe 2003; Hutchinson et al. 2007), with some modifications. Micromass 
cultures were fixed in 4% paraformaldehyde overnight at 4ºC, incubated in 1 mg/ml trypsin solution 
for 45 min at 37ºC, followed by incubation in 5mg/ml hyaluronidase solution (Worthington, USA) 
for 30 mins at 37˚C. Monoclonal COLX primary antibody X-AC9 (DHSB, USA) diluted in blocking 
solution (1XPBS, 0.5% TritonX-100, 4% NGS 2% NSS; 1:100) was then added into the cells, 
followed by the addition of secondary antibody Goat Anti-Mouse IgG1-488 (1:1000; EMD 
Millipore, USA). Micromass cultures were imaged by microscopy (n=5 per experimental group), 
and fluorescence was quantified and expressed as area (μm2) using ImageJ software, as described 
by Dr. Christine Labno (University of Chicago)- Labno, C. (2007) Basic Intensity Quantification 
with ImageJ (2007). https://voices.uchicago.edu/confocal/image-processing/imagej-fiji-help/. 
Fluorescence quantification was limited only to a specific area in the micromass. The micromass 
cultures predominantly formed a uniform sheet of chondrocytes, so a similar region in each 
micromass was quantified and compared between both GFP-control and EBF2- and IRX6-
transfected cultures for more accurate comparisons. One-way ANOVA coupled to Bonferroni for 
multiple comparisons were performed using IBM SPSS Statistics v 1.0.0.1072 in order to find 
statistical differences (p<0.05).  
 
RT-PCR. Reverse transcription PCR (RT-PCR) was used to detect the presence of important 





cultures. First, RNA was extracted from micromass cultures using the RNeasy Mini Kit (Qiagen, 
USA), according to manufacturer’s instructions. Reverse transcription was then performed at 42ºC 
using RevertAid H Minus First Strand cDNA Synthesis Kit (Thermo Scientific, USA). Specific 
primers for genes enriched in mature chondrocytes were designed based on transcripts obtained from 
previously reported sequences in GenBank (NCBI). RT-PCR conditions were as follows; one cycle 
at 95ºC for 3 min; 35 cycles at 95º for 1 min, 55-60º for 1 min, and 72ºC for 1 min, and a final cycle 
at 72ºC for 10 min. 
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Manuscript 2; Comparative transcriptomics reveal that a conserved molecular program 
underlies mesoderm- and neural crest-derived chondrocytes (in preparation). 
 

















CHAPTER 4: Comparative transcriptomics reveal that a conserved molecular program 





Cartilage is composed of chondrocytes of distinct embryonic origins, mesoderm and neural crest 
(NC), but the degree of similarity between chondrocytes derived from the distinct embryonic 
lineages is still debatable. Molecular analyses using candidate genes suggest that gene expression in 
chondrocytes is conserved regardless of embryonic origin and location in the body. During 
endochondral ossification, two types of chondrocytes differentiate in the head and limb skeletons, 
immature chondrocytes (IMM) and mature chondrocytes (MAT), so both cell types can derive from 
the mesoderm or the neural crest.  To test the hypothesis that the transcriptomes of mesoderm- and 
neural crest-derived chondrocytes are conserved we used LCM to isolate IMM and MAT from two 
endochondral bones in the chick limb and head, the humerus and the ceratobranchial, which are 
mesoderm- and neural crest-derived, respectively. In general, our findings supported the hypothesis.  
Venn diagram analyses revealed that the humerus and ceratobranchial transcriptomes show a high 
degree of conservation (70%- 80% of the genes expressed above threshold). Although they exhibit 
some differences in gene expression, the fundamental set of genes driving cartilage differentiation 
including SOX9, SOX5, SOX6, ACAN, COL2A1, COL9A1, COL11A1, MATN1, and COL10A1 was 
generally conserved. Indeed, some enriched biological processes in genes shared between the 
humerus and the ceratobranchial are related to skeletal cell differentiation. In contrast, gene ontology 
analyses revealed that enriched biological processes in the humerus are related to limb/forelimb 
morphogenesis whereas enriched terms in the ceratobranchial are related to neural crest-dependent 
processes. Importantly, pairwise differential gene expression revealed subtle differences in IMM 
and MAT differentiation markers between the humerus and the ceratobranchial. For instance, 
RUNX2 showed higher expression levels in the humerus compared to the ceratobranchial, but gene 
expression levels of other classic IMM and MAT genes were generally similar between both skeletal 
elements. Together these results suggest that the molecular program driving cartilage differentiation 





comparisons can make this conclusion more robust and might provide novel insights into 




Vertebrate limb and head cartilage can have two distinct embryonic origins, mesoderm and 
neural crest, respectively. Cartilage of the limb skeleton derive from lateral plate mesoderm, whereas 
cartilage of a great portion of the cranial skeleton including skull, jaws, and hyoid bone are of neural 
crest (NC) origin (Couly et al. 1993; Knight and Schilling 2006; Fonseca et al. 2017). Previous 
studies in skeletal cells have suggested that the gene regulatory network (GRN) driving cartilage is 
conserved regardless of its embryonic origin (Schneider et al. 1999; Eames and Helms 2004; 
Donoghue et al. 2008; Cattell et al. 2011), but the similarity between skeletal cells of the distinct 
origins is still debatable.  
Endochondral ossification involves the differentiation of two types of cartilage: immature 
cartilage (IMM) and mature cartilage (MAT; Eames et al. 2003; Eames and Helms 2004; Eames et 
al. 2004). Immature cartilage is composed of proliferative and resting chondrocytes that deposit 
COL2A1 fibers and proteoglycans in the extracellular matrix (ECM), whereas mature cartilage is 
characterized by pre-hypertrophic and hypertrophic chondrocytes that modify the immature 
cartilage ECM by depositing COL10A1 fibers, decreasing its proteoglycan sulfation, and 
mineralizing it (Leboy et al. 1988; Takeda et al. 2001; Farquharson et al. 1994) . IMM and MAT are 
present in head and limb endochondral bones, so both types of chondrocytes can derive from the 
mesoderm or neural crest. 
Head and limb cartilages share many histological and molecular features (Eames and Helms 
2004). In both head and limb, the extracellular matrix surrounding IMM and MAT stains with 
Safranin O and Alcian blue (Eames and Helms 2004; Eames et al. 2004; Ovchinnikov 2009), 
although the latter decreases during MAT matrix mineralization (Farquharson et al. 1994). In 
contrast, mineralized bone stains with Alizarin red (Eames and Helms 2004; Eames et al. 2004; 
Ovchinnikov 2009). Moreover, several skeletal markers have also been shown to express similarly 
in head and limb cartilage. Classic cartilage differentiation markers, such as SOX9, SOX5, SOX6, 





Eames et al. 2004; Smits  et al. 2004; Dale and Topczewski 2011a; Lefebvre and Dvir-Ginzberg 
2017; Xiong et al. 2018) are conserved in IMM, whereas classic maturation markers, such as 
RUNX2, COL10A1 and IHH (Eames et al. 2004; Yoshida et al. 2004; Young et al. 2006) are 
conserved in MAT. Importantly, genetic experiments have shown that if the function of any of these 
genes is perturbed then it could have an impact throughout the body, suggesting that the molecular 
program driving chondrogenesis in conserved in both head and limb, regardless of the different 
embryonic origins (Komori et al. 1997; Bi et al. 1999b; Smits et al. 2001a; Smits  et al. 2004; 
Yoshida et al. 2004).  
Studies in amphioxus suggest that neural crest-derived cartilage evolved from co-option of 
a primitive mesodermal gene regulatory network (GRN) due to the tremendous overlap in gene 
expression between these two lineages (Meulemans and Bronner-Fraser 2007; Hall and Gillis 2013a; 
Jandzik et al. 2015).  Moreover, one particular study analyzed and compared the expression of a few 
selected cartilage markers in head vs limb chick cartilages and revealed that generally a conserved 
set of genes directs skeletal cell differentiation, but molecular differences were also identified 
(Eames and Helms 2004). More unbiased studies comparing gene expression globally between head 
and limb are needed to verify if the GRN underlying cartilage differentiation is conserved. 
Comparative transcriptomics has revealed differences between mesenchymal precursors of 
the different origins, but none of these studies looked directly at skeletal cells. For instance, in a 
previous study in the mouse embryo, neural crest- and mesoderm-derived mesenchymal cells were 
isolated from the first pharyngeal arch using laser-capture microdissection (LCM), and gene 
expression profiles of the two cell lineages were obtained and compared revealing 140 differentially 
expressed genes (Bhattacherjee et al. 2007). Another study in mouse craniofacial structures also 
showed that the transcriptomes of neural-crest and mesoderm-derived cells differ (Fan et al. 2016).  
These studies highlight important differences between mesenchymal cells of the distinct embryonic 
lineages, but none of them has focused specifically in differentiated chondrocytes in vivo.  
Using laser capture-microdissection (LCM) coupled to RNA-seq, we aim to test the 
hypothesis that the transcriptomes of mesoderm- and neural crest- derived chondrocytes are 
conserved.  To test this hypothesis, we used LCM to isolate IMM and MAT from two skeletal 
elements of the chick embryo, the humerus and ceratobranchial (Fig. 26), which are of mesoderm 
and NC origin, respectively, and we then present a transcriptomic comparison between chondrocytes 







Figure 26. Whole mount Alcian blue staining of chick HH36 head and limb skeletal elements. (A) Chick head: The 
ceratobranchial is a neural crest-derived bone, and it undergoes endochondral ossification in the second pharyngeal arch 
(yellow dotted line). (B) Chick forelimb: The humerus (yellow dotted line) is an endochondral bone of mesodermal 
origin that forms in the upper arm. Abbreviations: Cb, ceratobranchial; Uh, urohyal; Bh, basihyal; Eb, epibranchial; Cv, 













4.3.1. Histological identification of chick HH36 skeletal tissues/cells and laser capture 
microdissection. 
 
Chick IMM and MAT were obtained from two endochondral bones of distinct embryonic 
origin, the humerus and ceratobranchial (Figs. 27&28), which are derived from the mesoderm and 
neural crest, respectively. The ceratobranchial undergoes endochondral ossification in the second 
pharyngeal arch, and it is one of the five distinct bones that comprise the hyoid apparatus of most 
avian species, being the other four the epibranchial, basihyal, urohyal, and paraglossal (Figs. 26A, 
Fig. 28A; Homberger and Meyers 1989). The epiphyseal growth plate containing IMM, MAT, and 
OST in long bones is detected in HH36 chick (E10; Conen et al. 2009). The epiphyseal growth plate 
is a thin layer of cartilage where longitudinal growth of long bones takes place, and it is composed 
of cells in different stages of differentiation (Milz et al. 2002; Lui et al. 2014). By HH36, 
chondrocytes have already proliferated and maturation (i.e. hypertrophy) becomes obvious in the 
mid-diaphyseal region (i.e. shaft of a long bone) of the humerus and ceratobranchial as shown by 
Safranin O staining (Fig. 27C,E; Fig. 28B,D). Alcian blue identified cartilage, whereas Alizarin Red 
identified perichondral bone in both skeletal elements (Fig. 27A,B; Fig. 28A). At HH36 perichondral 
bone is obvious in the mid-diaphyseal region surrounding the mature cartilage region of both the 
humerus and the ceratobranchial. Once skeletal elements and cells of interest were identified, laser 
capture microdissection (LCM) was used to isolate IMM and MAT from the humerus (Fig. 27F-I) 







Figure 27. Laser capture microdissection was used to isolate chondrocytes from the chick HH36 humerus. (A,B) 
Whole-mount Alcian blue and Alizarin red staining identified cartilage and perichondral bone in endochondral bones of 
the chick forelimb. (C) Safranin O-stained section of HH36 humerus highlighted the immature cartilage (red dotted 
outline) and the mature cartilage (yellow dotted outline) regions. High-magnification images of immature (D) and 
mature chondrocytes (E) from black boxes in (C). Unstained sections of HH36 chick humerus before (F) and after (G) 
laser capture of immature chondrocytes, and before (H) and after (I) laser capture of mature chondrocytes. 
Abbreviations: IMM, immature chondrocytes; MAT, mature chondrocytes; Pb, perichondral bone; h, humerus; s, 








Figure 28. Laser capture microdissection was used to isolate specific skeletal cell types from the chick HH36 
ceratobranchial. (A) Whole-mount Alcian blue and Alizarin red staining identified cartilage and perichondral bone in 
the chick ceratobranchial. (B) Safranin O-stained section of HH36 ceratobranchial highlighted the mature cartilage 
region (yellow dotted outline). High-magnification images of immature (C) and mature chondrocytes (D) from black 
boxes in (B). Unstained sections of HH36 chick ceratobranchial before (E) and after (F) laser capture of immature 
chondrocytes, and before (G) and after (H) laser capture of mature chondrocytes. Abbreviations: IMM, immature 





4.3.2. Comparative transcriptomics reveal that the transcriptomes of neural crest- and 
mesoderm-derived cartilage are highly conserved 
 
To test the hypothesis that transcriptomes of mesoderm- and NC-derived chondrocytes are 
conserved, datasets obtained from the chick humerus and ceratobranchial were compared (Fig. 29). 
Comparisons of transcriptomic profiles of IMM from both embryonic lineages revealed that they 





80% of the genes expressed above threshold (Fig. 29A). Gene ontology analyses showed that 
enriched biological processes related to multicellular organism development, cell cycle, cell 
proliferation, cell differentiation, DNA replication, transmembrane transport, transcription, 
translation, and protein phosphorylation were enriched in uniquely expressed genes in the humerus, 
uniquely expressed genes in the ceratobranchial, as well as the overlap including approximately 50% 
of total genes expressed above threshold. To test whether the fundamental set of genes driving 
cartilage differentiation was shared between the humerus and the ceratobranchial we then focused 
on the Venn diagram overlap (Fig. 29A; IMM, 5249 genes; MAT, 8209 genes). GO analyses 
revealed that biological processes related to cartilage differentiation and maturation were conserved 
between the distinct chondrocyte lineages including genes such as SOX9, RUNX2, SOX5, SOX6, 
ACAN, COL2A1, COL9A1, COL11A1, MATN1, COL10A1, MEF2C, MMP13 and PTHLH (Fig. 
29B; Vortkamp et al. 1996a; Zhao et al. 1997; Bridgewater et al. 1998; Watanabe et al. 1998; Bi et 
al. 1999b; Smits et al. 2001a; Smits  et al. 2004; Arnold et al. 2007; Nicolae et al. 2007; Dy et al. 
2012; Lu et al. 2014; Nakatani and Partridge 2017), but genes associated exclusively to cartilage 
specific processes correspond to approximately 3% of the total number of genes shared between the 
humerus and the ceratobranchial. Approximately 20% of the total number of IMM and MAT genes 
in the overlap  have not been associated to any specific GO terms so the software does not include 
them into these analyses, thus, it is possible that more genes associated with cartilage differentiation 
processes were just excluded from the analysis. However due to the tremendous overlap in gene 
expression between chick mesoderm- and neural crest-derived cartilage transcriptomes, and the 
conservation of classic cartilage markers in both the humerus and the ceratobranchial these results 
suggest that the GRN underlying cartilage differentiation might also be conserved between 
chondrocytes derived from the distinct embryonic lineages. 
Gene ontology analyses was then used to reveal enriched biological processes in genes 
uniquely expressed in the humerus and genes uniquely expressed in the ceratobranchial (Fig. 29). 
Enriched biological processes in cartilage isolated from the humerus included, but were not limited 
to, skeletal system development, ossification, cell proliferation, and embryonic limb/ forelimb 
morphogenesis including genes , such as TBX5, DLX5/6, SHOX2, SALL4, HOXA10, HOXD9, and 
HOXD10 which are all known regulators of  limb development (Wahba et al. 2001; Ng et al. 2002; 
Robledo et al. 2002; Zakany and Duboule 2007; Vieux-Rochas et al. 2013; Neufeld et al. 2014; 






Figure 29. The transcriptomes of chondrocytes derived from the chick ceratobranchial and humerus show a high 
degree of conservation. (A) IMM and MAT chondrocytes isolated from the ceratobranchial and humerus share 70-80% 
of the genes. The overlap includes hallmark cartilage differentiation and maturation genes such as SOX9, SOX5, SOX6, 
ACAN, COL2A1, COL9A1, COL11A1, MATN1, RUNX2, MEF2C, and COL10A1. (B) Enriched biological processes in 
the overlap include cartilage differentiation processes, whereas neural crest-related processes and limb morphogenesis 





were not limited to, skeletal system development, cranial skeleton morphogenesis, middle ear 
morphogenesis, ectodermal cell differentiation, neuron differentiation, nervous system 
development, cell migration, heart development, melanocyte differentiation, which are all neural 
crest lineage-dependent processes (Fig. 29B). Again, most of the genes uniquely expressed in the 
humerus and the ceratobranchial were related to cell cycle processes. A portion of the GRN driving 
neural crest-derived cartilage was revealed (Meulemans and Bronner-Fraser 2007), and includes 
many orthologs that were also expressed in our chick neural crest-derived data , such as SOX9, 
PAX7, ETS1, MYB and MYC genes, ID1, ID2, ID3, BARX1, BARX2, RUNX1, RUNX2, and RUNX3 




4.3.3. Gene expression levels of classic cartilage differentiation and maturation markers were 
generally similar between the humerus and the ceratobranchial 
 
Differential gene expression analyses were performed using genes included in the overlap 
(i.e. genes shared between humerus and ceratobranchial) of the Venn diagrams presented in Fig. 
29A (IMM, 5249; MAT, 8209). These analyses revealed 150 DEGs between IMM isolated from the 
humerus vs IMM isolated from the ceratobranchial, whereas 271 DEGs were identified between 
MAT isolated from the humerus vs MAT isolated from the ceratobranchial (Fig. 30). In general, the 
expression levels of hallmark cartilage differentiation and maturation genes was conserved, but this 
study also revealed a few differences between both skeletal elements. For instance, RUNX2 was 
upregulated in IMM isolated from the humerus (mesoderm-derived) compared to IMM isolated from 
the ceratobranchial (neural crest-derived). Enriched biological processes were also identified when 
gene ontology analyses was performed in differentially expressed genes (DEGs) between the 
humerus and the ceratobranchial. Biological processes in IMM isolated from the humerus include 
positive regulation of cell proliferation and steroid biosynthetic process, whereas processes in MAT 
isolated from this element include positive regulation of ossification, steroid biosynthetic processes, 
osteoblast differentiation, and cell proliferation. Biological terms enriched in IMM isolated from the 
ceratohyal include collagen fibril organization, extracellular matrix organization, cell migration, and 





neural crest related processes such as, muscle development, heart development, cell migration, bone 





Figure 30. Pairwise differential gene expression between immature and mature chondrocytes isolated from the 
humerus and the ceratobranchial (cb). Bars represent genes upregulated (and downregulated) in the ceratobranchial 
compared to humerus. Genes considered for this analysis were located in the overlap between humerus and cb (Fig. 






A few skeletal markers that were differentially expressed between MAT of both skeletal 
elements were also revealed (Inada et al. 2004; Mailhot et al. 2008). For example, BMP5 was 
upregulated in the ceratobranchial, whereas MMP13 was upregulated in the humerus. Importantly, 
hallmark cartilage differentiation genes, such as SOX9, SOX5, SOX6, ACAN, COL2A1, as well as 
and maturation markers including COL10A1 and RUNX3 were not differentially expressed (absolute 
log2 fold change lower than 2 (p>0.05)) between the humerus and the ceratobranchial since gene 
expression is either at comparable levels or perhaps variation is high between biological replicates 









Skeletal cells have two distinct embryonic origins, neural crest and mesoderm (Poole et al. 
2000; Knight and Schilling 2006; Schilling and Le Pabic 2014; Tickle 2015; Prummel et al. 2020), 
but the degree of conservation between the transcriptomes of these two lineages is still unresolved 
(Schneider et al. 1999; Tucker et al. 1999; Eames and Helms 2004; Wang et al. 2019). We used 
comparative transcriptomics to test the hypothesis that transcriptomes of chondrocytes derived from 
the neural crest and the mesoderm are conserved.  In general, the analyses presented here supported 
the hypothesis. Venn diagram analyses revealed a tremendous overlap in gene expression between 
the transcriptomes of IMM and MAT isolated from the humerus and the ceratobranchial (Fig. 29A). 
Indeed, the core set of genes directing chondrocyte differentiation is conserved regardless of 
embryonic origin, as previously suggested by others (Schneider et al. 1999; Eames and Helms 2004; 
Fig. 29A). Gene ontology analyses revealed that some biological processes enriched in genes shared 
between humerus and ceratobranchial were related to cartilage differentiation (Fig. 29B; Venn 
diagram overlap). Together these data suggest that portions of the GRN directing IMM and MAT 
are conserved in mesoderm- and neural crest- derived cartilage, so perhaps one might have evolved 
from the other one. Indeed, previous work in amphioxus supports this conclusion (Meulemans and 
Bronner-Fraser 2007; Hall and Gillis 2013; Jandzik et al. 2015).  As expected, enriched terms in the 
ceratobranchial included neural crest-derived processes, whereas enriched biological processes in 
the humerus were generally related to limb/forelimb morphogenesis (Fig. 29B).   
Molecular makers of IMM and MAT were generally conserved between the humerus and 
the ceratobranchial, but a few differences in gene expression levels were also identified that might 
have an impact in specific regulation of head and limb skeletogenesis. For example, RUNX2 showed 
higher expression levels in chondrocytes isolated from the humerus (mesoderm-derived) compared 
to chondrocytes isolated from the ceratobranchial (neural crest-derived; Fig. 30), and these results 
are consistent with previous work on mouse head bones where mesoderm-derived bones showed 
higher expression levels of this transcription factor compared to neural crest-derived bones (Al-
Amer 2017). Moreover, this analysis revealed a few skeletal markers that were differentially 
expressed between MAT of both skeletal elements including BMP5 which was upregulated in the 





differences in gene expression levels, most cartilage differentiation molecular markers were not 
differentially expressed between the humerus and the ceratobranchial. For instance, the master 
cartilage differentiation gene, SOX9, as well as many other genes that are regulated by this 
transcription factor such as SOX5, SOX6, COL2A1, COL9A1, COL10A1, and ACAN (Lefebvre et al. 
1997; Zhao et al. 1997; Bi et al. 1999b; Sekiya et al. 2000; Smits et al. 2001a; Zhang et al. 2003; Dy 
et al. 2012) showed similar expression levels between the humerus and the ceratobranchial. Together 
these results suggest that the molecular program (i.e. portion of the GRN) driving cartilage 
differentiation is highly conserved throughout the body regardless of embryonic origin. 
Revealing the GRN underlying mesoderm and NC-derived skeletal cells in a single species 
can potentially increase understanding on skeletal cell differentiation. Besides identifying conserved 
cartilage markers, the analyses presented here can also identify novel genes that might be 
specifically involved in chondrogenesis of the head or the limb, and the expression of these novel 
genes can be validated using molecular techniques such as, in situ hybridization or 
immunohistochemistry. In addition, gain-of-function approaches using the retroviral system known 
as RCAS (Tickle 2004; Gordon et al. 2009) can be performed in chick embryos to test the function 
of novel genes in the head and limb. For instance, a transcription factor specifically expressed in the 
head can be misexpressed in the limb (and vice versa) to assess if the function of this gene during 
chondrogenesis is maintained throughout the body.    
To increase understanding on skeletal cell GRN evolution, transcriptomes of homologous 
mesoderm- and NC-derived skeletal cells can be compared across animal clades. Using this 
approach, GRNs driving the distinct embryonic lineages can be revealed, and conserved and species-
specific portions can be identified. Since distinct chondrocyte lineages were analyzed in a single 
species (i.e. chick), skeletal cells derived from both the mesoderm and NC should be compared 
within another species to confirm if the degree of similarity between skeletal cells of the distinct 
embryonic origins is still high.  In chapter 6, the present chick data was analyzed and compared with 
data obtained from homologous elements in gar and mouse and these evolutionary comparisons 
provide insight into GRN organization and mechanisms of gene regulation in skeletal cells. In 
summary, identifying conserved markers between the head and limb skeletons is crucial for 
developing new therapies and treatments for cartilage injuries and skeletal disorders, as well as to 






Embryo Collection and tissue processing. All animal procedures were performed according to 
guidelines approved by the University of Saskatchewan Animal Care and Use Committee. Chick 
(Gallus gallus): White leghorn chicken eggs were incubated in a humified incubator at a constant 
temperature of 37ºC. Embryos were harvested at Hamburger-Hamilton stage 36 (~E10.5; 
(Hamburger and Hamilton 1951). Each embryo was decapitated, and the forelimbs and lower jaws 
were dissected and immediately placed in 1X PBS/DEPC, followed by embedding in OCT (Tissue 
Tek, Torrance, CA, USA; for detailed methodology see chapter 3), and immediately flash-frozen 
using liquid N2 and 2-Methylbutane (isopentane).  
 
Alcian blue/ Alizarin red whole mount skeletal stain. Chick HH36 embryos were fixed using 4% 
paraformaldehyde, and then stained with Alcian blue and Alizarin red using an acid-free solution 
that included MgCl2 to differentiate staining, and then cleared in glycerol/KOH as described 
elsewhere (Eames et al. 2011). 
 
Histology. Safranin O/Fast Green staining was performed on 10 μm thick frozen sections of the 
HH36 chick humeri and ceratobranchial, as described previously (Ferguson et al. 1998). Trichrome 
staining was performed on 10μm thick frozen sections of the HH36 chick mandible, as described 
previously (Clark and Smith 1993).  
 
Laser Capture Microdissection (LCM). LCM was performed on a Laser Microdissection - 
Molecular Machines & Industries (MMI) CellCut apparatus. Five biological replicates for each 
tissue were captured. Immature and mature chondrocytes were captured from the developing chick 
HH36 humeri and ceratobranchial. The captured cells were collected onto the inner lid of 0.5ml 
MMI IsolationCaps (either Diffuser caps (Prod#50202) or Transparent caps (Prod#50204; MMI 
Molecular Machines & Industries).  Once RNA-seq data was obtained, bioinformatic analyses 
identified some samples as outliers, and these were not included in our analyses. For details on 






RNA Isolation and Amplification.  RNA was isolated using the ARCTURUS PicoPure RNA 
Isolation Kit (ThermoFisher Scientific; Cat# KIT0204) according to the manufacturer’s instructions 
and DNase treatment was done using RNase-Free DNase (Qiagen; Cat#79254). Immature and 
mature chondrocytes were captured from both chick humerus and ceratobranchial. RNA was 
extracted from immature cartilage (n = 5 per skeletal element) and mature cartilage (n = 5 per 
skeletal element; Table 5), and then amplified with one round using MessageAmp II aRNA Kit 
(ThermoFisher Scientific; Cat# AM1751). The RNA integrity was evaluated on the observation of 
a signature eletropherogram pattern (Bioanalyzer).  
 




Library preparation and deep RNA Sequencing.  RNA-seq libraries were prepared by the 
National Research Council (NRC, Saskatoon) using the Illumina TruSeq RNA Sample Prep Kit v2 
with the following modification: the protocol was started at the Elute, Prime, Fragment step using 5 







Humerus IMM 1_h 1,828,237           
Humerus IMM 2_h 1,000,000           
Humerus IMM 3_h 1,900,000           
Humerus IMM 4_h 1,281,487
Humerus IMM 5_h 1,116,820
Humerus MAT 1_h 3,080,490
Humerus MAT 2_h 2, 934, 645
Humerus MAT 3_h 2,635,045
Humerus MAT 4_h 1,697,166
Humerus MAT 5_h 2,218,223
Ceratobranchial IMM 1_cb 400,000
Ceratobranchial IMM 2_cb 930,247              
Ceratobranchial IMM 3_cb 635,000
Ceratobranchial IMM 4_cb 680,274
Ceratobranchial IMM 5_cb 588,083
Ceratobranchial MAT 1_cb 1,385,585           
Ceratobranchial MAT 2_cb 1,703,189           
Ceratobranchial MAT 3_cb 1,383,251
Ceratobranchial MAT 4_cb 940,041              





RNA Assay Kit (Invitrogen)).  The quality of each cDNA library was checked on a DNA 1000 chip 
using the 2100 Bioanalyzer (Agilent Technologies Inc.).   
 
Reads preprocessing, mapping, quantitation and primary analysis of RNA-seq data.  The 
paired-end Illumina reads were trimmed using a Java -based tool, Trimmomatic v0.30 (Bolger et al. 
2014), and the reads were then mapped to the chicken genome fom Ensembl using TopHat2 and 
Bowtie2 (Langmead and Salzberg 2012; Kim et al. 2013). The location of each read was matched 
to genome annotation using HTSeq-count (Anders et al. 2015). Differential expression analysis was 
performed using EdgeR after excluding genes with zero or very low counts (less than 3 counts for 
all cell types) across the cell type. The distribution of average log2 expression across three replicates 
of each tissue produced three bimodal distributions, which were used to set the count thresholds to 
142 and 23 for immature cartilage and mature cartilage isolated from the ceratobranchial, and 37 
and 58 for IMM and MAT isolated from the humerus. Pairwise comparisons between tissues were 
made with Fisher’s exact test, and a gene was considered differentially expressed if it had an absolute 
log2 fold change greater than 2 (p<0.01). The Venn diagrams were constructed using gplots v3.0.1 
for isoforms and RNA-seq expression data. 
 
GO analysis.  DAVID v6.8 (http://david.abcc.ncifcrf.gov/home.jsp) functional annotation analysis 
was performed on the list of differentially expressed genes (DEGs) in IMM, MAT, and OST, with 
a fold change > 2 or < -2 as well as, in all genes expressed above threshold (i.e. non-DEGs).  The 
GO term biological process (BP) in DAVID was used to perform the gene-annotation enrichment 


















Manuscript 3; Comparative transcriptomics reveals the gene regulatory network driving 
osteoblast differentiation and identifies higher expression of chondrocyte genes in gar 
osteoblasts (in preparation) 
 






















CHAPTER 5: Comparative transcriptomics reveals the gene regulatory network driving 
osteoblast differentiation and identifies higher expression of cartilage genes in gar bone 
 
5.1.ABSTRACT 
Defining the gene regulatory network (GRN) underlying osteoblast development is key to 
understanding the differentiation and even the origins of this skeletal cell type, but current 
knowledge is limited to a few candidate genes. Here, comparative transcriptomics was used to reveal 
aspects of the GRN driving osteoblast (OST) differentiation and to make an evolutionary 
comparison between bones of distinct clades.  Bone is a vertebrate-specific tissue, and evidence 
from the fossil record suggests that it first originated in the throat or skin, in tooth-like structures 
named odontodes, but recent molecular evidence suggests that bone might have actually evolved 
from cartilage. Based on this idea, it is expected that osteoblasts of earlier diverged clades would be 
more ‘chondrogenic’ compared to osteoblasts of later diverged ones. Indeed, previous work with 
candidate genes support this idea. Here, we aim to test the hypothesis that gar OST express higher 
levels of ‘chondrocyte’ genes compared to mouse and chick OST. To test this hypothesis in an 
unbiased manner, LCM-RNA-seq was used to isolate OST from the dentary bone, a homologous 
element between mouse, chick, and gar. First, the consensus set of genes driving OST differentiation 
was revealed, and the known regulatory interactions were summarized into the format of a GRN. 
Regulatory interactions were validated based on published genetic molecular studies. Then, mouse, 
chick, and gar OST transcriptomes were compared in order to identify differences in gene expression 
between the three clades. Mouse and chick share 67% of the total number of OST genes. Tetrapod 
(i.e. mouse and chick) and gar osteoblasts share 44% of the total number of OST genes, including 
the master osteoblast regulator Runx2 and many known OST markers regulated by this transcription 
factor, such as Col1a1, Col1a2, Spp1, Ibsp, Satb2, Sparc, and Mmp13. Some other important OST 
genes were not conserved in all three species including Sp7, Alpl, Bmp4, and Bmp7, and most of 
these OST genes (except for Sp7) were exclusively expressed in mouse and chick osteoblasts. The 
results presented here partially supported the hypothesis. Pairwise differential gene expression 
analyses revealed that gar OST expressed higher levels of some chondrogenic markers including 





Moreover, model-based clustering analysis revealed one cluster that showed higher expression in 
the gar OST and included the hallmark mature chondrocyte gene Col10a1, but no other classic 
cartilage genes were included in this cluster. Comparative transcriptomics combined with functional 
studies and cis-regulatory analysis in osteoblasts of distinct species will contribute in expanding and 
verifying connections in this GRN in order to have a more comprehensive understanding of the early 





The emergence of genomic and transcriptomic technologies has greatly improved the 
identification of cell types, as well as evolutionary mechanisms underlying cell type specification  
(Arendt 2008; Arendt et al. 2019). Traditionally, classification schemes for skeletal cell types were 
mostly focused on morphology and function (Andrews et al. 1979; Cole and Hall 2004b; Cole and 
Hall 2004a). However, these traditional approaches can be problematic when cell types are 
compared across animal clades. Comparing gene expression patterns between jawless vertebrates 
(i.e. lamprey and hagfish) and cephalochordates (i.e. amphioxus) has greatly benefited the 
identification of homologous skeletal cell types across animal clades and has shed light on the 
evolution of cartilage and bone (Zhang and Cohn 2006; Zhang and Cohn 2006; Hecht et al. 2008; 
Cattell et al. 2011). Specifically, bone is a vertebrate-specific tissue, and evidence from the fossil 
record suggests that it first originated in the throat or skin, in tooth-like structures named odontodes 
(Smith and Hall 1990; Donoghue and Sansom 2002; Wagner and Aspenberg 2011). However based 
on recent molecular evidence, it has been suggest that bone might have evolved from cartilage 
(Gomez-Picos and Eames 2015; see chapter 2 for additional details, Fig. 6). To understand the origin 
and subsequent evolutionary changes underlying bone, osteoblasts across vertebrate clades should 
be analyzed and compared using unbiased transcriptomic approaches that allow the identification of 
the gene regulatory network (GRN) driving osteoblast differentiation (Fisher and Franz-Odendaal 
2012; Gomez-Picos and Eames 2015).  
Defining the GRN underlying osteoblast differentiation (i.e. portion of the GRN active in 





knowledge is limited to a few candidate genes. Previous studies using mouse microarray data have 
aimed to reveal the GRN driving bone formation but they have some limitations for evolutionary 
studies, since they were performed on a single species (Someren et al. 2005; Calabrese et al. 2012). 
Here, we use an unbiased approach to reveal the portion of the skeletal cell GRN driving bone 
formation and make an evolutionary comparison between bones of mouse, chick, and gar. As 
discussed above, we previously hypothesized that the osteoblast might have evolved from a 
chondrocyte (see chapter 2 for details; Gomez-Picos and Eames 2015). Here, we aim to further test 
this hypothesis by comparing gene expression in bones of fish vs tetrapods.  
What are the fundamental differences in gene expression between gar, mouse, and chick 
osteoblasts? Do these differences provide insight into the evolutionary origin of bone?  Previous 
molecular studies have identified differences in gene expression between tetrapod (i.e. mouse and 
chick) and fish osteoblasts. For instance, ‘chondrogenic’ markers including sox9, col2a1, and 
col10a1 were found to be expressed in fish developing bones, but not in tetrapod bones (Eames et 
al. 2012). Other studies in fish have also revealed the expression of chondrogenic genes in bones 
(Benjamin 1989; Benjamin 1990; Benjamin and Ralphs 1991), while the expression of these genes 
appears to be reduced in bones of aquatic tetrapods (i.e. Xenopus, Aldea et al. 2013; Bertin et al. 
2015; Enault et al. 2015), and almost completely absent in mammals  (Hilton et al. 2007). Based on 
these previous studies and our data (see chapter 6, Fig. 48B), we hypothesize that the gar osteoblast 
expresses higher levels of chondrogenic markers than tetrapod osteoblast. This lower expression of 
chondrocyte genes in more recently diverged vertebrates could be the result of a gradual repression 
of chondrogenic genes during evolution (Nguyen and Eames 2020). To test this hypothesis, 
osteoblasts were isolated from the dentary bone, a homologous element between mouse, chick, and 
gar, and then their transcriptomes were compiled. In general, the results presented here partially 
supported the hypothesis that gar osteoblasts express higher levels of chondrogenic genes compared 
to mouse or chick osteoblasts. Adding more species into these evolutionary comparisons, such as 
homologous bones isolated from an aquatic tetrapod (i.e. frog) or chondrichthyan bone-like tissue 
can verify and expand this initial GRN and confirm whether expression of chondrocyte genes has 








5.3.1. Osteoblasts were isolated from the dentary, a homologous element between mouse 
chick and gar 
To analyze gene expression in the osteoblast, the present analyses were focused on the 
dentary bone, an intramembranous bone in the mandible adjacent to Meckel’s cartilage which is 
homologous between mouse, chick, and gar. Alcian blue/Alizarin red staining confirmed the 
presence of the dentary bone adjacent to Meckel’s cartilage in the three vertebrates (Fig. 31). In 
mouse, bone matrix of the dentary bone was evident by E14.5 (Ramaesh and Bard 2003). Likewise 
mineralized bone matrix deposition in the chick skull begins at around HH36 (Hamburger and 
Hamilton 1951; Hall and Miyake 1992; Dunlop and Hall 1995; Eames and Helms 2004; Fig. 31A,E). 
In gar, the presence of the dentary bone was confirmed by Alizarin red staining, adjacent to Meckel’s 
cartilage (Fig. 31I) at 13dpf.  Furthermore, Aniline blue staining was evident in the bone matrix of 
the dentary bone of mouse, chick, and gar (Fig. 31B,F,J). Histological analyses suggested that these 
three species were at similar stages of bone development, but not equivalent. While in mouse and 
chick, extensive mineralization of the dentary was evident at the stages analyzed, in gar 
mineralization was not as prominent (Fig. 31A,E,I). However, 13dpf was selected for gar due to the 
presence of teeth adjacent to the dentary bone at later stages which could potentially introduce 
contamination in captured osteoblasts (see chapter 6, Fig. 47). 
Once skeletal elements and cells of interest were identified in mouse, chick, and gar, 
osteoblasts were isolated from the dentary bone (Fig. 31). This allowed capture of osteoblasts 
without chondrocyte contamination (Fig. 31C,D,G,H,K,L). Transcriptomic data obtained from OST 







Figure 31. Laser capture microdissection was used to isolate osteoblasts from the dentary bone, a homologous 
element between mouse (E14.5), chick (HH36), and gar (13dpf). (A,E,I) Whole-mount Alcian blue and Alizarin red 
staining identified intramembranous bone in the mandibles of mouse, chick, and gar. (B,F,J) Trichrome-stained section 
of mouse, chick, and gar mandibles showed Aniline blue staining of bone matrix in the dentary (d), separated from 
Meckel’s cartilage (Mk). Unstained sections of mouse E14.5, chick HH36, and gar 13dpf dentary bones before (C,G,D) 







5.3.2. The consensus set of genes driving OST differentiation was revealed and regulatory 
interactions were summarized into the format of a GRN. 
 
Deciphering the gene regulatory network (GRN) driving osteoblast differentiation is crucial 
to understand how this cell type might have evolved, but current knowledge is limited to a few 
candidate genes. Here, we used an unbiased approach to reveal for the first time the consensus set 
of genes driving osteoblast differentiation and make an evolutionary comparison between bones of 





considered, so only a percentage of data is retained after normalization (mouse 65% genes retained; 
chick 75% genes retained; gar 70% genes retained). One-to-one orthologs are present in a single 
copy in the genome of each species and they are expected to conserve function after genome 
duplication events (Hubbard et al. 2009).  Venn diagram analyses identified 9021 genes (one-to-one 
orthologs) expressed above threshold in the OST of all species (Fig. 32A). Of these, mouse, chick, 
and gar share 44% of the total number of genes expressed above threshold (one-to-one orthologs 
Fig. 32A, 3961 genes). Considering genes expressed in the OST of only two species, mouse and 
chick share the most genes (2091, Fig. 32A), and both mouse and chick share less genes with gar 
(Fig. 32A).   
Genes shared between mouse, chick, and gar (one-to-one orthologs; 44% of total number of 
OST genes, Fig. 32A), were then subjected to gene ontology analyses. GO analysis revealed that 
124 out of the 3961 genes were involved in processes related to bone formation, suggesting that 
these genes might be the core set of genes required for osteoblast differentiation (Fig. 32B, Table 
5). We aimed to summarize the known regulatory interactions that underlie osteoblast differentiation 
into the format of a GRN using the modelling and visualization software BioTapestry (Fig. 33; 
Longabaugh et al. 2005). This OST GRN highlights several genes known to be involved in OST 
differentiation, but also genes whose role during osteogenesis still need to be elucidated. Regulatory 
interactions were validated based on published studies including genetic molecular experiments and 
cis-regulatory analyses performed in bones of mouse, chick, and zebrafish (Owen et al. 1990; Sodek 
et al. 1996; Ducy et al. 1997; Komori et al. 1997; Otto et al. 1997; Aslam et al. 1999; Dodig et al. 
1999; Lee et al. 2000; Satokata et al. 2000; Göllner et al. 2001; Hu et al. 2001; Kundu et al. 2002; 
Miller et al. 2002; Nakashima et al. 2002; Yoshida et al. 2002; Kahler and Westendorf 2003; Lee et 
al. 2003; Kim et al. 2004; Stock et al. 2004; Wang et al. 2004; Yang et al. 2004b; Yang et al. 2004a; 
Burdan 2005; Guweidhi et al. 2005; Lee et al. 2005; Pratap et al. 2005; Vadlamudi et al. 2005; Xiao 
et al. 2005; Dobreva et al. 2006; James et al. 2006; Komori 2006; Holleville et al. 2007; Yu et al. 
2007; Jensen et al. 2008; Kahler et al. 2008; Kimura et al. 2008; Luderer et al. 2008; Boumah et al. 
2009; Fung Ling Chau et al. 2009; Hoeppner et al. 2009; Jensen et al. 2009; Komori 2009; Miclea 
et al. 2009; Sharff et al. 2009; Wu et al. 2009; Yu et al. 2009; Zhang et al. 2009; Lin et al. 2010; 
Sohaskey et al. 2010; Teixeira et al. 2010; Bond et al. 2011; Drabek et al. 2011; Miclea et al. 2011; 
Siqueira et al. 2011; Xu et al. 2011; Bonilla-Claudio et al. 2012; Chuang et al. 2012; Galli et al. 





et al. 2012; Li et al. 2013; Yang et al. 2013; Kawane et al. 2014; Wu et al. 2014; Bauer et al. 2015; 
Hill et al. 2015; Komori 2015; Pawaputanon Na Mahasarakham et al. 2015; Goto et al. 2016; Zhu 
et al. 2016; Bonyadi Rad et al. 2017; Frey et al. 2017; Nakatani and Partridge 2017; Giraud et al. 
2018; Kawane et al. 2018; Kida et al. 2018; Komori 2018; Li et al. 2018; Qin et al. 2018; Robert et 
al. 2018; Zhu et al. 2018; Ishida et al. 2019; Komori 2019). Future functional studies including 
loss/gain of function genetic experiments in combination with epigenetic profiling such as, 
chromatin immunoprecipitation coupled to high-throughput sequencing (ChIP-Seq) and the assay 
for transposase-accessible chromatin with sequencing (ATAC-Seq) can validate direct genetic 
interactions in order to verify and expand this initial GRN. While ChIP-seq allows for the 
identification of specific transcription factor binding sites (Robertson et al. 2007), ATAC-Seq 
uncovers open chromatin regions where transcription factors can bind (Buenrostro et al. 2015).  
Consistent with previous studies, the master osteoblast regulator Runx2 was found to be 
highly expressed in osteoblasts of the three species and was placed at the top of the hierarchy of the 
GRN (see Fig. 33; Table 6). Several osteoblast markers including Sparc, Mmp13, Dcn, Col1a1, 
Col1a2, Runx3, Msx2, among others, were also conserved in the three vertebrate clades (see Fig. 33; 
Table 6). Many genes shared between the three species activate the expression of Runx2 during 
osteoblast differentiation including Bmp2, Dlx5, Msx2, Ctnnb1, Tcf7, and Foxo1 (Fig. 33; Holleville 
et al. 2007; Teixeira et al. 2010; Chen and Long 2013; Pawlowska et al. 2015), and Runx2 then 
activates the expression of many important shared osteoblast specific genes, such as Sp7, Mmp13, 
Sparc, Alpl, Spp1, Bglap, Ibsp, Fn1, and Fbn2 (Fig. 33; Golub and Boesze-Battaglia 2007; Boumah 
et al. 2009; Yu et al. 2009; Komori 2010; Stamper et al. 2012; Weng and Su 2013; Rosset and 
Bradshaw 2016). Interestingly, a few chondrogenic markers including Sox9, Sox5, and Sox6 were 
also expressed in the OST of the three species. As discussed previously, during osteoblast 
differentiation SOX9 is downregulated by RUNX2 (Fig. 33; Cheng and Genever 2010). However 
SOX5 and SOX6 are necessary for osteoblast differentiation since they form an enhanceosome with 
SP7, CTNNB1, MEF2C, TCF7, DLX5, DLX6, SMAD1, and SMAD5 which binds to the Runx2 
enhancer and activates its expression in osteoblasts (Fig. 33; Komori 2015). Most of these genes, 
except for Sp7, Smad1, and Smad5, where expressed in mouse, gar, and chick osteoblasts, providing 
evidence on the importance of Runx2 as a master regulator during bone differentiation.  The 
sequence of this Runx2 enhancer has been shown to be highly conserved in several vertebrates 








Figure 32. Enriched GO terms in OST genes conserved between mouse, chick, and gar. (A)Venn diagram showing 
genes expressed above threshold in OST of tetrapods and gar. The three species share 3961 genes (44% of total genes). 
(B) Gene ontology analyses of the 3961 conserved OST genes between tetrapods and gar reveals that 124 genes are 







Figure 33. Validated OST gene regulatory network included the core set of genes conserved between mouse, 
chick, and gar. The 124 genes involved in bone differentiation processes were used to construct a consensus OST GRN. 
Interaction data was compiled from the literature. Genes that were annotated as osteoblast differentiation, but there is 
no further information on how these genes are regulated in the OST are included as single-nodes below the network. 
Arrowheads represent positive interaction, whereas negative interactions are depicted as –|. Interactions included in this 




















Some other important OST genes, such as Spp1 and Ibsp did not have a clear one-to-one 
ortholog in all three species. Importantly, previous work identified spp1 and ibsp in jaw and scales 
of gar (Braasch et al. 2016), but these genes are not considered to be one-to-one orthologs with 
mouse and chick according to Ensembl orthology quality controls (Aken et al. 2016). Mouse and 
chick Spp1 and Ibsp are considered one-to-one orthologs according to Ensembl, but these genes are 
not considered to be one-to-one orthologs with any Ray-finned fish including gar (e.g. Mouse Ibsp- 
https://uswest.ensembl.org/Mus_musculus/Gene/Compara_Ortholog?db=core;g=ENSMUSG0000
0029306;r=5:104299171-104311469;t=ENSMUST00000031246). However due to the high 
expression levels of spp1 and ibsp in gar OST, these genes were also included in this putative OST 
GRN.  Other classic OST markers were not conserved in all three species including Sp7, Alpl, Bmp4, 
and Bmp7 and most of these OST genes (except for Sp7) were exclusively expressed in mouse and 




Acvr2b Ccdc47 Dlx6 Hip1r Mef2c Prdm5 Runx3 Tek
Akap13 Cd276 Dnajc13 Hspe1 Mmp13 Prkd1 Ryk Tgfb1
Amer1 Col11a1 Ets Iars Mmp16 Ptch1 Satb2 Tgfbr3
Ankrd11 Col13a1 Ext2 Ibsp Mmp2 Pth1r Sbno2 Tmsb4x
Apc Col1a1 Fasn Id4 Mrc2 Ptk2 Snrnp200 Tnc
Asf1a Col1a2 Fbn2 Ift140 Msx1 Ptn Sox5 Trim45
Atf4 Col5a2 Fgf9 Ift80 Msx2 Pttg1ip Sox6 Ufl1
Atp5b Col6a1 Fgfr2 Igfbp3 Ncam1 Rack1 Sox9 Vcan
Bambi Ctgf Fgfr3 Igfbp5 Nhej1 Rdh14 Sp3 Vdr
Bcap29 Cthrc1 Fn1 Il6st P3h1 Rps11 Sparc Vegfa
Bcl2 Ctnnb1 Fos Itga11 Panx3 Rps15 Spp1 Wdr48
Bmp2 Cyr61 Foxo1 Lef1 Pdgfa Rras2 Suco Wnt5b
Bmp3 Dcn Gpm6b Lgr4 Pdgfc Rrbp1 Sun1 Zfp521
Bmp6 Ddr2 Gtpbp4 Limd1 Pdlim7 Rsl1d1 Syncrip
Cat Ddx5 Hey1 Lrrc17 Pls3 Rspo2 Taz
Cbfb Dlx5 Hhip Mcph1 Postn Runx2 Tcf7





5.3.3. Mouse and chick osteoblasts share the expression of many genes, and both share fewer 
genes with gar osteoblasts 
 
Comparative transcriptomics was used to show that mouse and chick osteoblasts are more 
similar to each other compared to gar osteoblasts. Specifically, we aim to test the hypothesis that gar 
osteoblasts express higher levels of ‘chondrogenic’ genes than tetrapod osteoblasts. To test this 
hypothesis, unique gar OST genes (574 genes; Fig. 32A) were subjected to gene ontology analyses. 
GO analyses revealed that many neural-crest related processes were enriched in the gar OST, but 
none of this was related to chondrocyte differentiation, which do not support the hypothesis. The 
hypothesis also predicts that mouse and chick OST will have less differentially expressed genes 
compared to gar OST. Indeed, pairwise differential gene expression analyses show that tetrapod 
OST have fewer differentially expressed genes compared to gar OST (Fig. 34). A total of 1766 
DEGs (Fig. 34; 522 upregulated and 1244 downregulated) were differentially expressed between 
mouse and chick. When gar OST was compared to chick OST, 3631 DEGs were identified (Fig. 34; 
1268 upregulated and 2363 downregulated), and when gar OST was compared to mouse OST, a 
total of 2940 DEGs were identified (Fig. 34; 2300 upregulated and 640 downregulated).  These 




Figure 34.  Tetrapod OST have less differentially expressed genes compared to gar OST. Mouse and chick OST 
have less differentially expressed genes (DEGs, absolute log2 FC greater than 2 (p<0.05)) compared to gar OST. The 
first bar shows upregulated (and downregulated) genes in chick compared to mouse, the second bar shows upregulated 
(and downregulated) genes in gar compared to chick, and the third bar shows upregulated (and downregulated) genes in 





To test the hypothesis that fish OST express higher levels of chondrogenic genes compared 
to tetrapod OST, we then focused on DEGs between tetrapods and gar. Interestingly, some 
chondrogenic markers show higher levels in gar compared to mouse or chick. For instance, 
differentially expressed genes between gar and chick osteoblasts include cartilage differentiation 
and maturation genes, such as Col2a1, Sox6, Runx3, and Wnt5b, which show higher expression in 
gar OST (Table 7; Zhao et al. 1997; Smits et al. 2001; Yang et al. 2003; Yoshida et al. 2004). 
Gene ontology analyses revealed that genes upregulated in gar compared to chick OST are 
involved in processes related to cartilage differentiation. Differentially expressed genes between gar 
and mouse OST, with higher levels in gar, include the chondrocyte genes Acan, Runx3, Wnt5b, and 
Pthlh (Watanabe et al. 1998; Minina et al. 2002; Yang et al. 2003; Yoshida et al. 2004). GO analyses 
reveal that these and other DEGs upregulated in gar are involved in chondrocyte differentiation, 
cartilage development, and endochondral ossification (i.e. cartilage maturation, Table 7). These 
results partially support the hypothesis that gar OST express higher levels of ‘chondrogenic’ markers 
compared to tetrapods, since only a few of these genes (Table 7) were shown to be upregulated in 
gar compared to mouse or chick, but not compared to both species.  
 
 
Table 7. Genes involved in cartilage differentiation processes upregulated in gar OST vs chick or 




Bmp1 Osr2 Acan Pthlh
Bmp5 Pax7 Hhip Hspg2
Bmp6 Runx3 Cytl1 Evc
Col2a1 Shox2 Osr2 Dicer1
Dicer1 Six2 Hspg2 Hyal1
Dlx2 Sox6 Runx3 Pax7
Evc Wnt5b Wnt5b Wnt7a
Hspg2 Wnt7a Wnt7a Zbtb16
Mapk14 Zbtb16
Upregulated 'chondrocyte' genes in 
gar OST  vs chick  OST
Upregulated 'chondrocyte' genes 





5.3.4. Cluster analyses reveal gene expression differences between tetrapod and gar 
osteoblasts  
 
Cluster analysis was performed in OST of gar, chick, and mouse (Fig. 35). We predict that 
more clusters will show similar expression levels between mouse and chick OST compared to gar 
OST, and that enriched clusters in gar OST will include a higher number of chondrocyte genes. Out 
of the nine clusters included in this analysis, three clusters showed similar gene expression levels 
between mouse and chick, which included over 30% of the total number of genes (2944 genes, Fig. 
35B,C,E). In clusters 1 and 4, gene expression was statistically lower in gar compared to mouse and 
chick (Fig. 35B,E), whereas in cluster 2 gene expression was higher in gar, and statistically different 
compared to mouse and chick (Fig. 35C). Cluster 2 included the hallmark mature chondrocyte gene 
col10a1, but no other classic cartilage genes were identified in this cluster, which do not support our 
hypothesis (Fig. 35C; Lu et al. 2014). Previous work and our data have shown that col10a1 is highly 
expressed in the gar OST (see chapter 6; Fig. 46E), but not in tetrapod OST (Eames et al. 2012).  
Other clusters showed enhanced expression in the OST of one species vs the other two. For 
example, cluster 3 showed higher expression in the chick OST (Fig. 35D), whereas cluster 6 showed 
higher expression in the mouse OST (Fig. 35G). Among the clusters discussed above, some also 
showed similar expression levels between only two species. For example, clusters 3 and 5 showed 
statistically similar expression levels between mouse and gar OST (approx. 5% genes, Fig. 35D,F). 
Cluster 6 showed similar low gene expression between chick and gar (approx. 3% of the total genes, 
Fig. 35G), and both species were significantly different from mouse. Cluster 9 included almost 50% 
of the total number of genes, and expression was not statistically similar between mouse, chick, and 
gar osteoblasts (Fig. 35J). This cluster encompassed important osteoblast markers such as Runx2, 
Bmp2, Hey1, Dlx5, Sparc, Col1a2, and Mmp13 which are expressed in the osteoblasts of all three 
species, and were also included in our putative OST GRN (Fig. 33; Table 6). Enriched biological 
processes in cluster 9 include osteoblast differentiation, bone development, apoptosis, angiogenesis, 
ossification, and blood vessel development. Although cluster analysis shows that gene expression 
levels in mouse and chick OST are more similar to each other than compared to gar, in general this 
analysis only partially supported the hypothesis that gar osteoblasts express higher levels of 






Figure 35. Model based clustering comparing gene expression in OST of mouse, chick, and gar. Three clusters (1, 
2, 4) showed similar gene expression in tetrapods (only cluster 2 statistically significant), which included around 34% 
(2944 genes) of the total number of genes. In all these clusters, gene expression in mouse and chick was statistically 







Revealing the GRN driving bone formation can shed light into molecular mechanisms of 
differentiation and even evolutionary origins of this vertebrate-specific tissue, but current studies 
are limited to some candidate genes in only a few species (Someren et al. 2005a; Someren et al. 
2005b; Calabrese et al. 2012). Here, we focused on the osteoblast and made an evolutionary 
comparison between bones of gar, mouse, and chick to reveal the consensus GRN underlying 
osteoblast differentiation, and to identify differences between bones of these vertebrates. Using 
Venn diagram coupled to gene ontology analyses we identified the consensus set of genes driving 
OST differentiation. A total of 124 genes conserved in mouse, chick, and gar were identified to be 
specifically involved in processes related to osteoblast differentiation (Roach 1994; Zelzer et al. 
2001; Kundu et al. 2002; Lian and Stein 2003; Kim et al. 2004; Stock et al. 2004; Wang et al. 2004; 
Pratap et al. 2005; Dobreva et al. 2006; Nie et al. 2006; Holleville et al. 2007; Hoeppner et al. 2009; 
Sharff et al. 2009; Datta et al. 2010; Miclea et al. 2011; Nishimura et al. 2012; Nassif et al. 2014; 
Wu et al. 2014; Pawaputanon Na Mahasarakham et al. 2015; Pawlowska et al. 2015; Goto et al. 
2016; Rosset and Bradshaw 2016; Zhang et al. 2017; Kawane et al. 2018; Qin et al. 2018; Komori 
2019), and these were used to construct a core OST GRN (Figs. 32&33). Importantly, the master 
osteoblast regulator Runx2 and many known OST markers regulated by this transcription factor, 
such as Col1a1, Col1a2, Spp1, Ibsp, Satb2, Sparc, and Mmp13 were conserved between mouse, 
chick, and gar (see Table 6; Sodek et al. 1995; Drissi et al. 2000; Lian and Stein 2003; Pratap et al. 
2005; Dobreva et al. 2006; James et al. 2006; Hoeppner et al. 2009; Nishimura et al. 2012; Rosset 
and Bradshaw 2016; Komori 2018; H. et al. 2019). 
 Regulatory interactions in this putative GRN were validated using published work including 
functional experiments in bones and cis-regulatory analyses. Some other important OST genes were 
not conserved in all three species including Sp7, Alpl, Bmp4, and Bmp7 (Nie et al. 2006; Golub and 
Boesze-Battaglia 2007; Chang et al. 2009; Yano et al. 2014; Niu et al. 2017), and most of these OST 
genes (except for Sp7) were exclusively expressed in mouse and chick osteoblasts. Sp7 was 
expressed in mouse and gar osteoblasts in our data, but no clear SP7 ortholog has been identified in 
chick (Kague et al. 2016). Alpl, Bmp4 and Bmp7 were not expressed in gar osteoblasts in our data, 
but both genes have been identified in scales, jaw, and vertebrae of teleost (Coble 1966; Johnston et 





OST differentiation has been modified throughout evolution perhaps conferring novel functions to 
the bones of more recently diverged vertebrates, such as tetrapods. Comparative transcriptomic 
analyses including skeletal cells isolated from species that lack mineralized bone can also help to 
identify the consensus set of genes underlying osteoblast differentiation and by incorporating these 
species, a GRN which might even resemble the original ancestral OST GRN could be revealed. For 
example, expression of ancestral genes to Runx2 (i.e. RunxA and RunxB), has been revealed in 
jawless vertebrates (i.e. hagfish and lamprey; Hecht et al. 2008; Cattell et al. 2011), as well as 
invertebrates (i.e. amphioxus; Hecht et al. 2008). Furthermore, expression of classic bone markers 
such as Runx2 and Col1 has been identified in bone-like tissue in some species of Cartilaginous fish 
(Eames et al. 2007; Nah et al. 2014).  
This work elucidates how genes are organized into a GRN in the OST in vivo which is crucial 
to understand the function and evolution of this vertebrate-specific cell type. A previous study using 
gene co-expression network analyses and perturbation data obtained from microarray profiling of 
mouse bone samples was able to identify a group of 354 highly correlated genes that were used to 
construct an OST specific GRN (Calabrese et al. 2012). Genes identified in this previous network 
include many important genes during osteoblast differentiation such as, Col1a1, Col1a2, Bglap1, 
Sp7, Ibsp, Mmp13, Alpl, and Phex (Nakashima et al. 2002; Inada et al. 2004; Golub and Boesze-
Battaglia 2007; Yuan et al. 2008; Nishimura et al. 2012; Yano et al. 2014; Yang et al. 2016; Niu et 
al. 2017), and most of these genes were conserved in the core OST GRN presented here (Fig. 33, 
Table 6).  In another experiment, RNA extracted from an osteoblastic mouse cell line was subjected 
to microarray gene expression analysis (Someren et al. 2005b). In this experiment, an OST GRN 
was inferred in vitro using bioinformatic network analyses. Classic OST genes included in this 
inferred network such as, Dcn, Postn, and Col1a1 (Mochida et al. 2009; Seto et al. 2017; Zhang et 
al. 2017) were also included in the consensus OST GRN presented here (Fig. 33, Table 6).  These 
previous studies, however, have some limitations since they were performed on a single species, 
whereas the OST GRN presented here, included transcriptomic data from three distinct vertebrate 
clades making the study more robust. Also, as discussed in chapter 2, RNA-seq produces the most 
robust, unbiased results, and it has the ability to detect genes that are expressed at very low levels as 
well as, novel genes and splice variants, which is not possible to obtain from microarrays (Wang et 





Finally, we focused on revealing the differences in gene expression levels between gar OST 
and tetrapod OST. Specifically, we aimed to test the hypothesis that gar expressed higher levels of 
‘chondrogenic genes’ compared to tetrapods. This hypothesis was only partially supported by our 
results. First, gar osteoblasts expressed higher levels of some chondrogenic genes compared to 
mouse or chick, but not compared to both species (see Table 7). However the expression levels of 
many other cartilage genes including the master cartilage regulator Sox9, were not higher in gar OST 
compared to mouse and/or chick OST. Second, cluster analysis comparing OST of all three species 
revealed that one cluster that showed enriched expression in the gar OST included the hallmark 
mature chondrocyte gene Col10a1. These results are also supported by previous findings in fish and 
amphibians that have revealed that Col10a1 is not limited to chondrocyte hypertrophy, but it might 
also have a role during osteoblast differentiation, at least in nonamniote vertebrates (Laue et al. 
2008; Albertson et al. 2010; Eames et al. 2012; Aldea et al. 2013). In clusters 1 and 4, gene 
expression was statistically lower in gar compared to mouse and chick (Fig. 35B,E). Water-to-land 
transition required the development of novel muscular and skeletal structures to withstand the forces 
of gravity and facilitate locomotion (Wood and Nakamura 2018). Some enriched biological 
processes in these clusters that showed higher expression in tetrapods compared to gar were related 
to smooth muscle cell proliferation and angiogenesis including genes such as, Vegfc, Fgf1, Fgf2, 
Fgfr1, and Vash1 (Hinsbergh and Rabelink 2005; Jacob et al. 2006; Benest et al. 2007; Kimura et 
al. 2009; Sato 2012; Su et al. 2014; Hu and Olsen 2016; Charoenlarp et al. 2017) which could be 
related to higher remodeling activity in tetrapod bones as a result of increased loading and fracture 
healing (Hankenson et al. 2011; Herbst et al. 2019). It has also been proposed that during early 
tetrapod evolution, vascularization increased in dermal bones in order to buffer the respiratory 
acidosis caused by elevated CO2 during transition to land (Janis et al. 2012). 
To define how an osteoblast transcriptome can be considered more ‘chondrogenic’ several 
criteria might be used for future analyses, as suggested by others (Nguyen and Eames 2020). For 
instance, instead of comparing a few selected genes, chondrocyte and osteoblast transcriptomes 
could be compared within a single species in order to reveal the percentage of genes shared, and 
then compare how this percentage varies across phylogenetic clades (Nguyen and Eames 2020).  In 
chapter 6, we further analyzed the hypothesis that gar OST express higher levels of chondrogenic 
genes using this approach. For example, our data shows that considering only genes expressed in 





in gar (see chapter 6 for more details, Fig. 48B) compared to mouse or chick (see chapter 6, Fig. 
37A,B; Fig. 41A; Fig. 48A), which gives further support to the hypothesis. From an evolutionary 
perspective, overall, these data support that the osteoblast might have evolved from a chondrocyte 
by co-opting portions of an ancestral GRN initially used to make cartilage (see chapter 2 for details, 
Fig. 6). 
Concepts to be developed in the future include gain- and loss- of function studies in 
osteoblasts of distinct vertebrates coupled to cis-regulatory analysis which could contribute in 
expanding and verifying connections in this GRN. To further analyze OST GRN conservation across 
animal clades, transgenic approaches can be used to test whether transcription factors enriched in 
osteoblasts of one species can bind and activate the expression of genes in osteoblasts of other 
species. For example, previous work has provided evidence that the GRN driving chondrogenesis 
might be conserved in vertebrates and invertebrates, since SoxE from a hard-shell invertebrate was 
able to activate the expression of the human COL2A1, revealing deep conservation in the 
chondrocyte GRN  (Tarazona et al. 2016). In summary, comparative transcriptomics coupled with 
cis-regulatory analysis, as well as gain- and loss-of-function studies in osteoblasts of distinct species 
will contribute in expanding and verifying connections in this initial GRN, and will expand our 




Embryo Collection and tissue processing. All animal procedures were performed according to 
guidelines approved by the University of Saskatchewan Animal Care and Use Committee. Chick 
(Gallus gallus): White leghorn chicken eggs were incubated in a humified incubator at a constant 
temperature of 37ºC. Embryos were harvested at Hamburger-Hamilton stage 36 (~E10.5; 
(Hamburger and Hamilton 1951). Each embryo was decapitated, and the lower jaws were dissected 
and immediately placed in 1X PBS/DEPC, followed by embedding in OCT (Tissue Tek, Torrance, 
CA, USA; for detailed methodology see chapter 3), and immediately flash-frozen using liquid N2 
and 2-Methylbutane (isopentane). Spotted gar (Lepisosteus oculatus): Gar larvae were kindly 
provided by Dr. Allyse Ferrara (Nicholls State University Thibodeaux, LA). Larvae were placed in 





gar larvae reached 13 and 14 dpf they were euthanized using 0.2% tricaine. The length of these 
larvae varied between 1.6-2.2 cm. Heads were dissected and immediately placed in 1X PBS/DEPC, 
followed by embedding in OCT. For whole mount and section histology, both chick and gar 
dissected tissues were fixed in 4% PFA prior embedding in OCT (in the case of section histology).  
 
Laser Capture Microdissection (LCM). LCM was performed on a Laser Microdissection - 
Molecular Machines & Industries (MMI) CellCut apparatus. For gar and chick analyses, five 
biological replicates for each tissue were captured. Chick: Osteoblasts were isolated from the 
developing dentary in the jaw at HH36. Spotted gar: Osteoblasts were isolated from the developing 
dentary in the jaw at 13 dpf. Similar to mouse, a larger capture area was necessary to obtain a 
sufficient amount of RNA from mature cartilage of both chick and gar (Tables 7&8).  The captured 
cells were collected onto the inner lid of 0.5ml MMI IsolationCaps (either Diffuser caps 
(Prod#50202) or Transparent caps (Prod#50204; MMI Molecular Machines & Industries).  Once 
RNA-seq data was obtained, bioinformatic analyses identified some samples as outliers, and these 
were not included in our analyses. For details on bioinformatic analyses see chapter 3 methodology. 
 
RNA Isolation and Amplification.  RNA was isolated using the ARCTURUS PicoPure RNA 
Isolation Kit (ThermoFisher Scientific; Cat# KIT0204) according to the manufacturer’s instructions 
and DNase treatment was done using RNase-Free DNase (Qiagen; Cat#79254).  Osteoblasts were 
captured from mouse, chick, and gar dentary bones (Table 8), and then RNA was extracted (mouse, 
n=3; chick, n=5; gar, n=5). RNA was then amplified with one (mouse and chick RNA) or two rounds 
(gar RNA) using MessageAmp II aRNA Kit (ThermoFisher Scientific; Cat# AM1751). OST data 
obtained from these samples was also used for some analyses presented in chapters 3 and 5. The 












Library preparation and deep RNA Sequencing.  RNA-seq libraries were prepared by the 
National Research Council (NRC, Saskatoon) using the Illumina TruSeq RNA Sample Prep Kit v2 
with the following modification: the protocol was started at the Elute, Prime, Fragment step using 5 
µl amplified mRNA (minimum amount was 50 ng mRNA as determined using Quant-iT RiboGreen 
RNA Assay Kit (Invitrogen)).  The quality of each cDNA library was checked on a DNA 1000 chip 
using the 2100 Bioanalyzer (Agilent Technologies Inc.).   
 
GO analysis.  DAVID v6.8 (http://david.abcc.ncifcrf.gov/home.jsp) functional annotation analysis 
was performed on the list of differentially expressed genes (DEGs) in IMM, MAT, and OST, with 
a fold change > 2 or < -2 as well as, in all genes expressed above threshold (i.e. non-DEGs).  The 
GO term biological process (BP) in DAVID was used to perform the gene-annotation enrichment 
analysis using Mus musculus as a background. 
 
Validated Osteoblast GRN. The OST GRN was constructed using BioTapestry version 7.1.2 
(www.BioTapestry.org/)  following developer’s protocol (Longabaugh et al. 2005; Longabaugh et 






Surface Area captured 
(um2)
Dentary OST 1 218,981
Dentary OST 2 396,441
Dentary OST 3 759,814
Dentary OST 1 835,931                           
Dentary OST 2 1,817,000                        
Dentary OST 3 1,630,000                        
Dentary OST 4 1,005,075
Dentary OST 5 1,497,360
Dentary OST 1 239,200                           
Dentary OST 2 119,862                           
Dentary OST 3 136,791                           
Dentary OST 4 192,750
















Manuscript 4; Skeletal cell GRN structure and regulatory control of mature chondrocytes 
are highly conserved features between mouse and chick, while gar shows more variation (in 
preparation). 
 













CHAPTER 6: Skeletal cell GRN structure and regulatory control of mature chondrocytes are 





Skeletal cell evolution has been little explored since most evolutionary studies focus on 
morphological differences between homologous skeletal elements in various phylogenetic clades 
rather than differences in skeletal cell histogenesis. The present chapter focuses on the evolution of 
skeletal cells since molecular studies have revealed clade specific differences between homologous 
skeletal cell types. Specifically, this work aims to shed light into the evolution of skeletal cell gene 
regulatory networks (GRNs). Most of the vertebrate skeleton is composed of three skeletal cell types, 
immature chondrocytes (IMM), mature chondrocytes (MAT), and osteoblasts (OST). We have 
previously shown in mammals that the differentiation of IMM, MAT, and OST is directed by one 
GRN, and distinct portions of this GRN are active in each cell type. In mouse, interactions between 
portions of the GRN regulating IMM and OST regulate gene expression in MAT. Model-based 
clustering analyses revealed specific mechanisms of gene regulation in mouse MAT: independent 
and interacting (via averaging and synergism). We hypothesize that GRN structure and mechanisms 
of gene regulation in mature chondrocytes are conserved features across vertebrates. To test this 
hypothesis, homologous skeletal cells (i.e. IMM, MAT, and OST) in mouse, chick, and gar were 
isolated and their transcriptomes were revealed. Venn diagram and differential gene expression 
analyses revealed that in mouse and chick, MAT and OST shared the most genes, whereas IMM and 
OST were the most different cell types. In gar, however IMM and OST shared the most genes and 
MAT was the most different cell type. Furthermore, gene co-expression network (GCN) analyses in 
mouse and chick skeletal cells revealed that two independent portions of the GRN active in IMM 
and OST show strong cross-inhibition with each other, and they positively interacted in MAT. In 
contrast, GCN analysis in gar showed increased positive correlations between genes enriched in 
IMM and OST. Model-based clustering analysis identified specific categories of gene expression 
that were generally conserved between mouse, chick, and gar. Some genes in MAT had expression 





independently regulating the expression of genes in MAT in a similar manner as in these two cell 
types. Other genes had expression levels that represented an averaging or synergy between levels in 
the IMM and OST, suggesting that portions of the GRN active in these cell types are negatively or 
positively, respectively, interacting in MAT to regulate the expression of a specific set of genes. 
These mechanisms of gene regulation were conserved across the three species, but when gar skeletal 
cells were analyzed more clusters showed a dramatic downregulation of gene expression in MAT. 
These results in gar suggest that in earlier diverged clades, MAT was more different to IMM and 
OST, and this cell type acquired more similarities in gene expression over time. In general, these 
data highlight the complexity of skeletal cell GRN organization and evolution, and proposes a novel 
experimental approach to compare GRN structure across clades, as well as to identify evolutionary 
changes in regulatory control of skeletal cell differentiation that could ultimately shed light into 





The recent advances in comparative transcriptomics and genomics have illuminated in great 
extent many events in skeletal evolution, but the organization and evolution of the gene regulatory 
network (GRN) underlying skeletal cell types are not well understood. A GRN describes regulatory 
interactions between genes in a given biological process (Davidson and Erwin 2006; Peter and 
Davidson 2011). Despite the current lack of data, further testing might support that GRN driving 
skeletal cells includes a core portion of conserved genes that is homologous in distinct animal clades, 
while other species-specific portions of the GRN show more variation perhaps in response to specific 
selective pressures (Fig. 2A). These modifications in specific portions of the GRN can give rise to 
evolutionary novelties (Wagner and Lynch 2010; Purnell 2020). Comparative transcriptomics can 
be used to identify conserved portions of the GRN and novelties by revealing skeletal cell GRNs in 
different phylogenetic clades.  
The majority of the vertebrate skeleton is composed of three main cell types: immature 
chondrocytes (IMM), mature chondrocytes (MAT), and osteoblasts (OST; Eames et al. 2004; 





types are distinct, yet they also share many histological and molecular features (Hardingham 1981; 
Fang and Hall 1997; Kronenberg 2003; Eames and Helms 2004; Eames et al. 2004; Day et al. 2005; 
Hill et al. 2005; Gentili and Cancedda 2009; Gomez-Picos and Eames 2015), suggesting that their 
underlying GRNs are also related. Since previous work has shown that skeletal cells evolve 
(Volkmann and Baluska 2006; Zhang and Cohn 2006b; Zhang et al. 2006a; Cattell et al. 2011; 
Eames et al. 2012; Jandzik et al. 2015; Tarazona et al. 2016), the present work aims to compare 
skeletal cell transcriptomes globally within and between different clades in order to test how 
evolutionary changes have impacted skeletal cell GRN structure. We have previously shown in 
mouse that interactions between portions of the GRN regulating IMM and OST regulate gene 
expression in MAT (see chapter 3 for more details). Using comparative transcriptomics, we aim to 
test the hypothesis that GRN structure and mechanisms of gene regulation in mature chondrocytes 
are conserved features across vertebrates. To test this hypothesis, laser capture microdissection was 
used to isolate IMM, MAT, and OST from homologous skeletal elements in mouse, chick, and gar 




Figure 36. Mouse, chick, and gar skeletal elements used for capturing IMM, MAT, and OST. In mouse IMM and 
MAT were captured from the humerus. In chick IMM and MAT were captured from the humerus and the 
ceratobranchial. In gar, IMM and MAT were captured from the ceratohyal which is homologous to the chick 








Revealing the structure of skeletal cell GRNs in vivo in distinct vertebrates can shed light 
into regulatory control of chondrocytes and osteoblasts during evolution.  Comparing GRN structure 
rather than individual gene interactions can be more useful to understand function and evolution of 
any cell type (Sun et al. 2012; Winterbach et al. 2013), and to identify evolutionary novelties, such 
as synapomorphies (i.e. shared derived traits that are common between an ancestor and its 
descendants; Choudhuri 2014). Previous work has analyzed synapomorphies comparing a few 
molecular markers (Sanderson and Doyle 1992; Venkatesh et al. 2001; Cameron et al. 2012; 
Shadwick and Ruiz-Trillo 2012), but comparing GRN structure globally between distinct vertebrate 
clades can reveal molecular synapomorphies at the transcriptome level (McCune and Schimenti 
2012).  
As discussed in chapter 3, gene co-expression network (GCN) analysis in mouse showed that 
MAT share the expression of many genes with both IMM and OST and the overlapping actions of 
portions of the GRN active in IMM and OST regulate gene expression in MAT (Fig. 15). On the 
other hand, portions of the GRN active in IMM and OST seem to act antagonistically, illustrated by 
the cross-inhibition between genes enriched in these two cell types (see chapter 3, Fig. 15, blue lines 
separating IMM and OST portions of the GRN). Two general mechanisms of gene regulation were 
identified in mouse MAT: independent and interactive (see chapter 3, Fig. 23). Independent 
regulation occurs when portions of the GRN active in IMM or OST are also active in MAT, and this 
type of regulation results in similar expression levels between MAT and one of the other two cell 
types (see chapter 3; Fig. 23A). Interactive regulation occurs when portions of the GRN active in 
IMM and OST interact in MAT. Together, this results in synergistic or average levels of expression 
in this cell type compared to IMM and OST (see Fig. 23B). In summary, this approach can reveal 
skeletal cell GRNs in vivo and accurate comparisons of skeletal cell GRN structure can be performed 
across clades to uncover how the molecular relationship between portions of the GRN has been 
modified over time. Furthermore, molecular mechanisms of gene regulation in skeletal cells can be 
compared across animal clades in order to have a more comprehensive understanding on the 
















Chick IMM and MAT were obtained from two endochondral bones of distinct embryonic 
origin, the humerus and ceratobranchial, which are mesoderm- and neural crest-derived, respectively 
(see chapter 4 for more details, Figs. 27&28). These same chick chondrocytes were used in 
transcriptomic analyses presented in chapter 4. Osteoblasts were obtained from the HH36 dentary, 
an intramembranous bone of neural crest origin located in the mandible (see chapter 5 for more 
details, Fig. 31E-H). The same chick osteoblasts were used in analyses presented in chapter 5. 
Despite data presented in chapter 4 suggesting that chick chondrocyte transcriptomes derived 
from the neural crest and mesoderm are highly similar (see chapter 4, Fig. 29A), after analyzing 
these datasets separately (and together) in the present chapter, some suggestive differences were 
found with these additional comparisons. More analysis comparing mesoderm vs NC within another 
species are needed to further confirm the level of similarity between mesoderm and NC skeletal 
datasets. Since chondrocytes of two different embryological origins (i.e. mesoderm and neural crest) 
were isolated from chick skeletal elements, analyses were performed in three different dataset 
combinations depending on the vertebrates analyzed, so analyses were mostly limited to 
homologous elements allowing for more direct transcriptomic comparisons (Fig. 36): (1) mouse vs 
chick: only humerus vs dentary datasets, (2) mouse vs chick: combined humerus and ceratobranchial 
vs dentary datasets,  and (3) chick vs gar: only ceratobranchial/ceratohyal vs dentary datasets. The 
results of the different comparisons are presented in the following sections. Mouse data presented 
here was also used for analyses in chapter 3, chick data was also used for analyses in chapter 4 and 
5, and gar OST data was also used for analyses in chapter 5. For most analyses presented here, IMM 










6.3.2. Evolutionary comparisons of mouse and chick skeletal cells (including only humerus 
and dentary datasets) 
 
 
6.3.2.1. In mouse and chick, MAT share the expression of many genes with both IMM and 
OST, but IMM and OST showed the least similarity 
 
Transcriptomic analyses of genes expressed above threshold in chick identified genes that 
were unique to each skeletal cell. The numbers of genes expressed in chick IMM, MAT, and OST 
were 7671, 9147, and 9054, respectively (Fig. 37B). Once genes expressed above threshold were 
identified in chick skeletal cells, these data were compared to mouse data obtained from homologous 
elements (i.e. humerus and dentary, Fig. 37). For these analyses, data compared within mouse IMM, 
MAT, and OST were then compared to data within chick IMM, MAT, and OST. Similarities 
between mouse and chick skeletal cell transcriptomes include the following: (1) IMM, MAT, and 
OST share over 70% of the genes (Fig. 37A,B); (2) MAT shared the expression of many genes with 
only IMM or OST (Fig. 37A,B); (3) IMM and OST share the least genes (228 genes in mouse and 
70 genes in chick; Fig. 37A,B) whereas MAT and OST shared the most (857 in mouse and 1091 in 
chick; Fig. 37A,B). Due to these similarities in gene expression, these data suggest that skeletal cell 
GRN structure between mouse and chick might also be conserved. 
 Unique genes (i.e. genes expressed exclusively above threshold values in only one cell type) 
for each skeletal cell type were also identified in mouse and chick (Fig. 37A, B). We predict that 
MAT will express the fewest unique genes since its transcriptome would be mostly a mixture of 
gene expression between IMM and OST transcriptomes. As explained in chapter 3, mouse MAT 
had less unique genes compared to IMM and MAT (Fig. 11A, Fig. 37A), but these results were not 
consistent in chick (Fig. 37B). Our analyses show that in chick, IMM had the fewest uniquely 
expressed genes compared to the other two cell types (105 genes, Fig. 37B). Importantly, the 
presence of unique genes in mouse and chick mature chondrocytes support the idea that MAT is not 
merely a combination of genes expressed in IMM or OST.  
Consistent to the unique gene analyses, we also predict that MAT would have fewer 
differentially expressed genes (DEGs) compared to IMM or OST. Similar to mouse (Fig. 37C), of 





OST (482; Fig. 37D). Among these DEGs specific to one cell type, mouse and chick MAT showed 
up-regulated expression of the hallmark mature chondrocyte gene Col10a1. 
 
 
Figure 37. Gene expression distribution in mouse and chick using humerus and dentary datasets. (A,B) In 
tetrapods, IMM and OST share the least genes, whereas MAT and OST share the most. (B) In both mouse and chick, 
MAT had the least differentially expressed genes compared to IMM and OST. The chick skeletal element from which 
IMM and MAT were isolated is indicated in the figure (i.e. humerus). Gene lists used for Venn diagram, analyses and 









Furthermore, pairwise differential gene expression comparisons between two of the cell 
types in both mouse and chick showed that many genes are differentially expressed in IMM 
compared to OST (Figs. 13&38), supporting the idea that independent portions of the GRN are 
active in IMM and OST (see Fig. 1). Many DEGs in mouse and chick skeletal cells show the same 
trend of expression. For instance, MAT and OST markers are upregulated in either of these cell 
types compared to IMM including genes, such as SPP1, IBSP, SATB2, MMP9, and MMP13 (Minina 
et al. 2001; Zhang et al. 2003; Inada et al. 2004; Dobreva et al. 2006; Zhang et al. 2014; Liang et al. 
2016). 
Other genes involved in cartilage differentiation are upregulated in IMM and MAT 
compared to OST, such as SOX5, SOX9, COL2A1, and ACAN (Zhao et al. 1997; Watanabe et al. 




Figure 38. Pairwise comparisons in chick skeletal cells isolated from the humerus and dentary showed that many 
genes are differentially expressed in IMM compared to OST. A gene was considered differentially expressed if it 
had an absolute log2 fold change greater than 2. A total of 1032 genes are differentially expressed between IMM and 
MAT, 1704 genes are differentially expressed between IMM and OST, and 983 genes are differentially expressed 






6.3.2.2.Skeletal cell GRN organization is conserved in mouse and chick 
 
To test the hypothesis that skeletal cell GRN structure is conserved in distinct vertebrates, 
gene co-expression network analyses was also performed on chick skeletal datasets.  For these first 
comparisons, we focused on the chick humerus and dentary datasets, the same skeletal elements 
analyzed for mouse (Fig. 15). A total of 2693 DEGs were included in this GCN analysis. Overall, 
GCN analyses showed that GRN structure is conserved between chick and mouse (Fig. 39), but 
genes included in each portion of the GRN vary between species showing evidence of adaptive 
evolution. In general, two independent portions of the GRN which are active in IMM and OST, 
show strong cross-inhibition with each other, and they positively interact in MAT (Fig. 39A,B).  In 
contrast to mouse GRN, positive correlations are also present to some degree between the IMM- and 
OST- portions of the chick GRN. Positive correlations between IMM and OST were never seen in 
the mouse skeletal cell GRN (Fig. 39A). A total of 338,805 positive correlations (edges) were 
included in the Cytoscape estimated GRN.  395 positive correlations between IMM and OST out of 
338,805 total positive correlations in the network were present in chick (0.11% of total positive 
correlations between genes enriched in different cell types, Fig. 39B), but positive correlations 
between MAT and OST were higher (47,620/338,805= 14% of total positive correlations between 
genes enriched in different cell types, Fig. 39B). Most of the positive correlations included in this 
estimated GRN were between genes enriched within the same cell type, predominantly OST-OST 
and IMM-IMM. Despite minor structural differences between mammalian and avian skeletal GRNs, 
in general these findings suggest that GRN structure is conserved within tetrapods, at least in 







Figure 39. Skeletal cell GRN structure is conserved in mouse and chick when only humerus and dentary datasets 
are analyzed. (A,B) GCN analysis in both tetrapods showed that MAT contributed several genes to both IMM- and 
OST-enriched portions of the GRN, whereas genes enriched in IMM and OST were located in opposite portions of the 
GRN. (B) In chick, however, there is also some positive correlation between IMM- and OST-enriched portions of the 
GRN. Chick GCN was constructed using only humerus cartilage datasets and comparing them to dentary bone datasets 
(same datasets as in mouse). For a more detailed view of the mouse GCN (A) see Fig. 15. The chick skeletal element 
from which IMM and MAT were isolated is indicated in the figure (i.e. humerus). In these analyses, IMM and MAT 






6.3.2.3.Molecular mechanisms of gene regulation in MAT are conserved in mouse and chick 
 
 
As discussed in chapter 3, mouse skeletal cells showed specific categories of gene expression 
(Fig. 19), providing insight into specific mechanisms of gene regulation in MAT. To test whether 
regulatory control in mature chondrocytes is conserved in other vertebrates, homologous skeletal 
cell types were analyzed in chick. Interestingly, when the same skeletal datasets (i.e. humerus and 
dentary) were analyzed in chick, mechanisms of gene regulation were conserved (Fig. 40). 
Independent regulation was observed when portions of the GRN active in IMM or OST do not 





example, clusters 3 and 9 showed similar expression levels between IMM and MAT (Fig. 40D,J). 
In cluster 3, gene expression between IMM and MAT was similarly low and significantly different 
compared to OST, which showed higher levels (Fig. 40D). Cluster 3 includes genes involved in 
ossification such as, BMP2, BMP3, PTH1R, and DCN (Minina et al. 2001; Lee et al. 2003; Nie et 
al. 2006; Datta et al. 2010). Other clusters showed similar expression levels between MAT and OST. 
For example, cluster 5 showed statistically significant lower expression levels in MAT and OST 
compared to IMM (Fig. 40F,J). On the other hand, interactive regulation in MAT was observed 
when portions of the GRN active in IMM and OST showed averaging (AVE) or synergistic activity 
in MAT. For example, the chondrogenic transcription factor SOX9 was included in cluster 2 were 
MAT had expression statistically similar to AVE between IMM and OST (Fig. 40C). Cluster 2 also 
included genes , such as SOX5, COL2A1, COL9A1, and ACAN, which are all regulated and/or work 
together with SOX9 (Fig. 40C; Smits et al. 2001; Oh et al. 2014; Liu and Lefebvre 2015; Ohba et al. 
2015). All these ‘cartilage’ genes are expected to have intermediate levels in MAT compared to 
IMM and OST. Cluster 10 showed enhanced expression in MAT including genes, such as COL10A, 
MEF2C, WNT5B, and VEGFA, which have been shown to have important roles during chondrocyte 
maturation (Fig. 40K;  Yang et al. 2003; Zelzer et al. 2004; Arnold et al. 2007; Lu et al. 2014; 
Nakatani and Partridge 2017). Importantly, all the genes discussed above were also included in 
clusters that showed the same categories of gene expression in mouse (Fig. 19). In general, these 
results suggest that mechanisms of GRN regulation in mature chondrocytes are a conserved feature 






Figure 40. Model based clustering using only humerus and dentary datasets in the chick. (A) Model-based 
clustering demonstrated that groups of IMM, MAT, and OST genes had discrete categories of expression. (B-K) Box 
plots showed the distribution of gene expression change among cell types compared to the average expression across all 
three cell types. AVE represented average expression of IMM and OST. MAT expression in clusters 3 and 9 (D,J) was 
similar between IMM and MAT, and statistically different from OST. MAT expression in cluster 5 (F) was significantly 
similar to OST. (C) In cluster 2, gene expression in MAT was statistically indistinguishable from AVE. (K) Cluster 10 
had statistically higher gene expression in MAT than in either IMM or OST. The chick cartilage datasets used for these 
comparisons are indicated in the figure. The chick skeletal element from which IMM and MAT were isolated is indicated 






6.3.3. Evolutionary comparisons of mouse and chick skeletal cells (combined humerus and 
ceratobranchial cartilage datasets vs dentary datasets) 
 
 
6.3.3.1.MAT expresses less differentially expressed genes than IMM and OST 
 
Previous work in chick using candidate genes (Eames and Helms 2004) and our data (see 
chapter 4, Fig. 29A) have revealed a tremendous overlap in gene expression between chondrocytes 
isolated from distinct locations (and embryological origin) in the body. Hence for these analyses 
transcriptomic data obtained from chick chondrocytes isolated from the humerus (mesoderm, 
appendicular skeleton) and ceratobranchial (neural crest, cranial skeleton) were combined and 
compared. Again, for these analyses, data compared within mouse IMM, MAT, and OST were then 
compared to data within chick IMM, MAT, and OST. When data obtained from chondrocytes 
isolated from the ceratobranchial were also included into these comparisons, many similarities were 
observed with the analyses discussed above (i.e. using only humerus and dentary datasets, Fig. 37). 
These results were also generally conserved with mouse (Fig. 37A,C). Again, MAT shared 
expression of several genes with only one of the other cell types (866 with OST and 268 with IMM, 
Fig. 41A) suggesting that portions of the GRN active in IMM and OST are also active in MAT. 
Importantly, IMM and OST still share the least genes (64 genes, Fig. 41A), supporting the idea that 
independent portions of the GRN regulate the differentiation of IMM and OST. Uniquely expressed 
genes were also analyzed in these combined datasets. Similar to the results discussed above for only 
chick humerus and dentary datasets (Fig. 37B), IMM again had fewer uniquely expressed genes 
(Fig. 41A), and these results also differ from mouse skeletal cells (i.e. MAT had fewer uniquely 
expressed genes, Fig. 37A).  
When differential gene expression analyses were performed using these combined hum+cb 
vs dentary datasets, the same patterns of gene expression were identified as when only humerus vs 
dentary datasets were analyzed in chick (Fig. 37D), and these patterns of gene expression were also 
conserved compared to mouse (Fig. 37C). Again, MAT had fewer differentially expressed genes 
(61) compared to IMM (122) and OST (423; Fig 41B). Of the 61 DEGs in MAT, only 29% were 
downregulated, compared to 43% in IMM and 46% in OST. Importantly, many of the genes known 
to be important during the differentiation of IMM, MAT, and OST were conserved between mouse 





COL9A1, ACAN, SOX5 (Lefebvre and de Crombrugghe 1998; Bi et al. 1999; Lefebvre et al. 2001; 
Akiyama et al. 2002; Mead et al. 2013; Oh et al. 2014; Liu and Lefebvre 2015; Ohba et al. 2015) 
were upregulated in IMM and MAT and downregulated in OST. Moreover, many important 
mineralization and osteoblast markers such as MMP9, MMP13, IBSP, SPP1, BAMBI, MEF2C, 
SATB1, BMP4, DLX6, and VDR (Drissi et al. 2000; Wang et al. 2004; Li et al. 2008; Chang et al. 
2009; Komori 2010; Nyman et al. 2011; Yamamoto et al. 2013; Wu et al. 2014; Nakatani and 
Partridge 2017) were up-regulated in MAT and OST and downregulated in IMM.  
 
 
Figure 41. Gene expression distribution in chick using combined humerus and ceratobranchial datasets 
compared to dentary datasets. (A)  MAT and OST share the most genes, whereas IMM and OST share the least. IMM 
has the fewest uniquely expressed genes (B) MAT had less differentially expressed genes (DEGs) than the other two 
cell types. Genes included in the graphs were differentially expressed in one cell type compared to the other two cell 
types. Of the 61 DEGs in MAT in chick, only 18 were downregulated, compared to IMM (53) and OST (196). The chick 
skeletal element(s) from which IMM and MAT were isolated is indicated in the figure (i.e. humerus + cb). Gene lists 




Some key differences between classic OST markers between mouse and chick were the 
following. In chick, RUNX2 was expressed highly in both MAT and OST, but it was not 
differentially expressed when compared to IMM.  Consistent with previous work (Kague et al. 
2016), another important difference between the present mouse and chick skeletal datasets was the 









6.3.3.2.GRN structure is conserved between mouse and chick (combined hum+cb chick 
cartilage datasets) 
 
Gene co-expression network analyses (GCN) were also performed in chick combined 
datasets (hum+cb vs dentary). A total of 1074 DEGs were included in this analysis.  GRN structure 
was highly conserved in chick regardless of the dataset combinations used (Figs. 39&42). Moreover, 
GRN structure obtained from combined chick datasets was very similar to mouse (Fig. 39A), yet 
again some genes included in each portion of the network were different between mouse and chick 
providing evidence that each species GRN has undergone evolutionary changes. Again, two distinct 
portions of the GRN active in IMM and OST, showed strong cross-inhibition with each other, and 
they interacted positively in MAT (Figs. 39&42). Consistent with the chick analyses presented 
above (i.e. only humerus vs dentary datasets, Fig. 39) positive correlation between IMM- and OST-
enriched portions of the GRN is still observed when chick chondrocyte hum+cb datasets are 
combined. A total of 73 positive correlations between IMM and OST out of 16,269 total positive 
correlations in the network were observed in chick (0.45% of total positive correlations between 
genes enriched in different cell types, Fig 42), but as in the analyses in chick discussed above (i.e. 
only humerus and dentary datasets, Fig. 39B) the positive correlation between MAT and OST is still 
stronger (557/16,269=3.4% of total positive correlations between genes enriched in different cell 
types; Fig. 42). Most of the positive correlations included in this estimated GRN were between genes 
enriched within the same cell type, predominantly OST-OST and IMM-IMM. Negative correlations 








Figure 42. Skeletal cell GRN structure is still conserved when chick humerus and ceratobranchial datasets are 
combined and compared to dentary datasets. GCN analysis revealed two independent portions of the GRN active in 
IMM and OST, which are negatively correlated with each other. Both IMM- and OST-enriched portions of the GRN are 
positively correlated when they overlap in MAT. Again, in this chick skeletal cell GRN there is also some positive 
correlation between IMM- and OST-enriched portions of the GRN. Chick GCN was constructed combining humerus 
and ceratobranchial cartilage datasets and comparing them to dentary bone datasets. The chick skeletal element(s) from 
which IMM and MAT were isolated is indicated in the figure (i.e. humerus + cb). In these analyses, IMM and MAT 






6.3.3.3.Molecular mechanisms of gene regulation in MAT are conserved in mouse and chick 
(combined hum+cb chick cartilage datasets) 
 
 
Cluster analysis was also performed using combined hum+cb datasets vs dentary datasets 
(Fig. 43), and categories of gene expression were also conserved compared to results discussed 
above in chick (i.e. only humerus and dentary; Fig. 40) and mouse (Fig. 19). Gene expression 
patterns in some clusters suggest that portions of the GRN operating in IMM and OST operate 
independently in MAT. For instance, cluster 7 includes genes with high expression levels in MAT 
and OST compared to IMM, such as RUNX2, FOXO1, POSTN, and MMP13, DLX5, DLX6 and 
WNT5A, which are crucial markers for osteoblast differentiation and mineralization (Nakashima and 





2011; Zhang et al. 2017). In clusters 1, 2, and 6, gene expression was similar between IMM and 
MAT, and significantly different from OST (Fig. 43B,C,G). While cluster 6 showed higher 
expression levels in both IMM and MAT compared to OST (Fig. 43G), clusters 1 and 2 showed 
lower expression levels in these cell types compared to OST (Fig. 43B,C). Indeed, cluster 1 includes 
classic bone markers, such as BAMBI, COL1A2, IBSP, ALPL, and SPARC (Golub and Boesze-
Battaglia 2007; Yano et al. 2014; Rosset and Bradshaw 2016; Komori 2019), which are all expected 
to have higher expression levels in OST, intermediate to high expression levels in MAT, and lower 
levels or no expression in IMM. Cluster 2 also includes genes involved in ossification such as, 
BMP3, BMP4, BMP6, BMP7, MMP9, MSX2, and PTH1R (Satokata et al. 2000; Minina et al. 2001; 
Lee et al. 2003; Nie et al. 2006; Datta et al. 2010; Liang et al. 2016) which are all expected to have 
higher levels in OST (Fig. 43C).  
Again, other clusters provided evidence that portions of the GRN operating in IMM and OST 
interacted in MAT. For instance, cluster 5 showed enhanced expression levels in MAT compared to 
IMM and OST, suggesting that portions of the GRN active in IMM and OST act in a synergistic 
manner in MAT (Fig. 43F). As expected, this cluster includes genes known to be important during 
cartilage maturation and osteoblast differentiation such as COL10A1, MEF2C, WNT5B, WNT11, 
and VEGFA (Yang et al. 2003; Zelzer et al. 2004; Arnold et al. 2007; Lu et al. 2014; Nakatani and 
Partridge 2017; Boyan et al. 2018). In contrast, cluster 8 showed average expression levels in MAT 
compared to IMM and OST (Fig. 43I) including genes, such as SOX9, SOX5, SOX6, COL2A1, 
COL9A1, and ACAN, which are crucial cartilage differentiation markers (Bell et al. 1997; Bi et al. 
1999; Lefebvre et al. 2001; Kiani et al. 2002; Carlsen et al. 2006; Liu and Lefebvre 2015b), and are 
expected to have slightly lower levels in MAT compared to IMM, but higher compared to OST. 
Together these results in mouse and chick suggest that GRN structure and mechanisms of GRN 







Figure 43. Model based clustering using combined humerus and ceratobrancial datasets compared to the dentary 
datasets in the chick. (A) Model-based clustering demonstrated that groups of IMM, MAT, and OST genes had discrete 
categories of expression. (B-J) Box plots showed the distribution of gene expression change among cell types compared 
to the average expression across all three cell types. AVE represented average expression of IMM and OST. MAT 
expression in clusters 1, 2, and 6 (B,C,G) was similar to IMM, and significantly different from OST. MAT expression 
in cluster 7 (H) was significantly similar to OST, suggesting that the IMM- and OST-enriched portions of the GRN 
operate independently in MAT. (F) Cluster 5 had statistically higher gene expression in MAT than in either IMM or 
OST, suggesting that IMM- and OST-enriched portions of the GRN interact synergistically in MAT. (I) In cluster 8, 
gene expression in MAT was statistically indistinguishable from AVE, suggesting that portions of the GRN in IMM and 
OST interact via averaging in MAT.  The chick skeletal element(s) from which IMM and MAT were isolated is indicated 
in the figure (i.e. humerus + cb). In these analyses, IMM and MAT datasets were always compared to OST datasets 





6.3.3.4.Gene expression of candidate MAT genes is conserved between mouse and chick  
 
RNA in situ hybridization was used to confirm and compare the expression of the hallmark 
mature chondrocyte genes COL10A1 and SPP1 (Pullig et al. 2000; Lu et al. 2014), between mouse 
and chick. Expression domains of these genes were highly conserved in mouse and chick MAT (Fig. 
44A-C, E-G). However in chick HH36 expression of COL10A1 was more restricted to the pre-
hypertrophic zone as previously reported by others (Provot et al. 2006). RNA in situ hybridization 
was also used to validate the expression of Non-Homologous End Joining Factor 1 (NHEJ1), a novel 
evolutionarily conserved gene not previously associated with mature chondrocytes. Importantly, this 
gene was differentially expressed (upregulated) in MAT from both mouse and chick, suggesting that 
it might have a conserved role during cartilage maturation. Expression of NHEJ1, was also 
confirmed to be expressed in mature chondrocytes, predominantly in the pre-hypertrophic region 
(Fig. 44D,H). Interestingly, NHEJ1 was expressed in a similar domain as COL10A1 in chick, 
suggesting that one gene might affect the expression of the other during cartilage maturation.  
In situ hybridization in mouse MAT shows that Nhej1 is expressed in the same domain as 
Ihh, although the former is more restricted to pre-hypertrohic chondrocytes (see Fig. 11D, Fig. 44D). 
In chick, however, only a few transcripts of IHH in some MAT samples were found to be expressed 
in the data presented here. Since there is a spatial relationship between mature cartilage and 
perichondral bone, the captured area for MAT in both mouse and chick was restricted to 
chondrocytes located in the mid-diaphyseal region (i.e. shaft of the long bone) surrounded by this 
collar (see chapter 3, Fig. 9I,J; see chapter 4, Fig. 27H,I and Fig. 28G,H). In situ hybridization in 
chick HH36 cartilage confirmed the expression of IHH closer to the epiphyses (i.e. heads of long 
bones) of the bone and outside the perichondral bone area (data not shown; Provot et al. 2006), but 









Figure 44. Gene expression of MAT genes in mouse and chick is conserved. Differentially expressed genes 
conserved in mouse and chick MAT. (A,E) Safranin O-stained section of E14.5 humerus highlighted the mature cartilage 
region (yellow dotted outline).  RNA in situ hybridization validated (B,F) Spp1 and (C,G) Col10a1 as a positive controls 
for MAT, and also (D,H) Nhej1 as novel evolutionarily conserved gene enriched in MAT. Holes are artifacts and do not 








6.3.4.1.Histological identification of gar 13dpf skeletal cells 
 
As stated at the beginning of this chapter, evolutionary comparisons presented here were 
mostly limited to homologous elements (Fig. 36). Hence, in this section homologous neural crest-
derived skeletal elements were compared between chick and gar: the ceratobranchial/ ceratohyal and 
the dentary. The dentary is an intramembranous bone of neural crest-origin that is homologous 





ceratobranchial/ gar ceratohyal, this element is very small, making it difficult to capture enough cells 
of interest to obtain appropriate amounts of RNA for sequencing. For some comparisons between 
chick and gar, however, mouse is occasionally brought into the picture since bioinformatic analysis 
of mouse skeletal cells showed high conservation with chick skeletal cells, regardless of the chick 
dataset combinations used (humerus vs dentary, section 6.3.2 and humerus+cb vs dentary, section 
6.3.3).  
To make an evolutionary comparison between gar and tetrapods, a histological analysis to 
identify skeletal elements and cell types of interest in the gar larvae was performed (Fig. 45). Alcian 
blue/ Alizarin red staining at 13dpf demonstrated well defined cartilage in the ceratohyal, but no 
presence of mineralized perichondral bone characterized by the lack of Alizarin red staining in this 
region (Fig. 45A). On the other hand, the presence of the dentary bone was confirmed by intense 
Alizarin red staining, adjacent to Meckel’s cartilage (see chapter 5, Fig. 31I). Safranin O staining 
identified immature chondrocytes in the epiphyses, and mature chondrocytes in the diaphysis region 
of the 13dpf ceratohyal (Fig. 45C-E, Fig. 46A), but this was not so conclusive since at the stage 
analyzed hypertrophy was minimal (Fig. 45D). On the other hand, aniline blue staining was evident 
in the bone matrix of the dentary bone and perichondrium (Fig. 45E; see chapter 5, Fig. 31J; Fig. 
46D). In situ hybridization of hallmark chondrocyte genes, col2a1 and col10a1, in the gar ceratohyal 
revealed immature and mature cartilage regions, respectively (Fig. 46B,C). Although chondrocyte 
hypertrophy was not so evident in the 13dpf ceratohyal (Fig. 45D), expression of the hallmark 
mature chondrocyte gene col10a1 was already high and the expression domain expanded towards 
the epiphyses (Fig. 46C). One key difference between gar and tetrapods is that expression of col10a1 
in gar is not limited to mature chondrocytes, but it is also highly expressed in osteoblasts of the 
dentary bone (Fig.46E). 
Once skeletal cell types of interest were identified, laser capture microdissection (LCM) was 
performed to isolate skeletal cells from gar 13dpf cranial skeletal elements (Fig. 45F-I). Gar 
immature chondrocytes and mature chondrocytes were isolated from the 13dpf ceratohyal (Fig. 45F-
I), whereas osteoblasts were isolated from the dentary bone (see chapter 5, Fig. 31K,I). Gar larvae 
were analyzed at both 13 and 14 dpf (Fig. 47), but analyses were focused on 13dpf since little or no 
teeth were observed adjacent to the dentary (Fig. 47A-C). The presence of teeth nearby the dentary 
bone at 14dpf could lead to a higher risk of cross-contamination when capturing osteoblasts (Fig. 





formation, no dentin or enamel specific genes were found to be expressed in the gar OST data (data 





Figure 45. Laser capture microdissection was used to isolate specific skeletal cell types from the gar 13 dpf 
ceratohyal. (A) Whole-mount Alcian blue and Alizarin red staining identified cartilage and perichondral bone in 
endochondral bones of the gar ceratohyal, and intramembranous bone in the mandible. (B) Safranin O-stained coronal 
section of 13 dpf ceratohyal highlighted the mature cartilage region (yellow dotted outline). High-magnification images 
of immature (C) and mature chondrocytes (D) from black boxes in (B). (E) Trichrome staining identified perichondral 
bone in the 13dpf ceratohyal.Unstained sections of HH36 gar ceratohyal before (F) and after (G) laser capture of 
immature chondrocytes, and before (G) and after (H) laser capture of mature chondrocytes. Abbreviations: IMM, 






Figure 46. Osteoblasts in the gar express chondrocyte genes, such as col10a1. Safranin O/Fast green staining and in 
situ hybridizations on gar ceratohyal. A) Safranin O binds to cartilage glycosaminoglycans, staining the extracellular 
matrix red. B) In situ hybridization identified the domains of expression of (B) col2a1, a characteristic marker of 
immature cartilage, and (C) col10a1, a characteristic marker of mature cartilage. (D) Trichrome staining stains tightly 
wound collagen fibers, such as col10a1 dark blue. (E) col10a1 is not restricted the mature chondrocytes in the gar, since 


























Figure 47. Histological characterization of gar skeletal tissues at 13 and 14dpf. (A) In 13dpf gar larvae, dentary 
bone is observed adjacent to Meckel’s cartilage (B). A few teeth are observed close to the dentary bone at 13dpf (C). 





6.3.4.2.When only NC-derived skeletal elements are analyzed, gar IMM and OST are the most 
similar cell types, but chick IMM and OST are still the least similar cell types 
 
 Chick datasets obtained from neural crest-derived skeletal tissues (i.e. ceratobranchial and 
dentary) were compared to datasets obtained from homologous NC-derived skeletal elements in gar 
(i.e. ceratohyal and dentary). In chapter 4, analyses were only limited to chick IMM and MAT, but 
the present analyses in chick compared IMM and MAT in context of OST data.  Data compared 
within chick IMM, MAT, and OST were then compared to data within gar IMM, MAT, and OST 





OST). Venn diagram analysis in chick comparing only NC-derived skeletal elements show that IMM 
and OST still share the least genes (Fig. 48A, 139 genes), whereas MAT and OST still share the 
most (Fig. 48A, 681 genes). These results are also consistent with chick results discussed above 
using the different dataset combinations including mesoderm-derived samples (Figs. 37B&41A). 
An important difference between chick and gar is the number of genes shared between IMM and 
OST. In chick, MAT and OST shared the most genes (higher overlap in Venn diagram), whereas 
IMM and OST shared the least genes (Fig. 37A,B, Fig. 41, Fig. 48A). This high overlap of gene 
expression between MAT and OST is also conserved in mouse, while IMM and OST also share the 
least genes. In contrast to tetrapods, gar IMM and OST shared the most genes (2135, Fig. 48B). 
Importantly, the results in chick show that there is still a high degree of overlap in gene expression 
between MAT and OST regardless of embryonic origin (NC vs mesoderm) while in IMM and OST 
the overlap is still low. This strongly supports the idea that regardless of embryonic origin, tetrapod 
IMM and OST are always the least similar cell types. Finally, analyses of transcripts expressed 
above threshold identified genes that were unique to each skeletal cell. While in chick IMM had the 
least uniquely expressed genes (51) compared to MAT (1126) and OST (692), in gar, MAT had the 
least uniquely expressed genes (365) compared to IMM (867) and OST (3058, Fig. 48B).  
 
 
6.3.4.3.Differential gene expression analyses in gar show that MAT express many 
downregulated genes compared to IMM and OST, while in chick IMM is the cell type 
that had less DEGs 
 
 
Differential gene expression analyses in chick and gar were performed in transcriptomic data 
obtained from IMM, MAT, and OST derived from the neural crest. In mouse, OST was also derived 
from the neural crest, but IMM and MAT were derived from the mesoderm. Despite analyses in 
chapter 4 suggesting that chick mesoderm- and neural crest-derived cartilage transcriptomes are 
highly conserved (see chapter 4, Fig. 29A), analyses presented here were limited exclusively to 
skeletal cells derived from the neural crest since subtle differences in gene expression levels were 
also identified between  the different chondrocyte lineages (see chapter 4, Fig. 30).  Also, in chapter 





more details, Fig. 30), but in this section both IMM and MAT are also compared to OST.  In general, 
differential gene expression analyses in chick showed that IMM had less differentially expressed 
genes compared to MAT and OST (Fig. 48C).  In contrast to chick, gar OST had the least 
differentially expressed genes, and MAT had several downregulated genes compared to IMM and 
OST (Fig. 48D, Fig. 49). Gene ontology analysis showed that most of these downregulated genes in 
MAT are involved mainly in cell cycle processes and chondrocyte proliferation. An important 
difference between gar and tetrapods, is that in gar the hallmark mature chondrocyte gene col10a1 
is differentially expressed between IMM and MAT and between IMM and OST (downregulated in 
IMM in both cases), but not between MAT and OST (in mouse and chick Col10a1 is upregulated in 
MAT compared to both IMM and OST). Other differentially expressed genes between gar IMM and 
OST include the osteoblast markers mbp and col1a2 with higher expression levels in OST, and 
chondrogenic markers, such as sox5, can, and col9a2 with higher expression levels in IMM. Unlike 
tetrapods, other chondrogenic genes such as sox9 and col2a1 were not differentially expressed 
between IMM and OST in gar. This result is consistent with a previous study in zebrafish and gar 
where the expression of these ‘chondrogenic’ markers was confirmed in developing osteoblasts of 
these fish, but not in tetrapods (Eames et al. 2012; also see chapter 5 for more details).  
Differentially expressed genes between MAT and OST include classic mineralization and 
osteoblast markers, such as msx1, msx2, satb2, mmp9, mmp13, hey1, members of the Irx family (irx1 
and irx5) vegfa, pthlh, sparc, col1a2 (Satokata and Maas 1994a; Weir et al. 1996; Satokata et al. 
2000; Zelzer et al. 2004; Salie et al. 2010; Nyman et al. 2011; Nishimura et al. 2012; Conner and 
Hornick 2013; Nassif et al. 2014; Yano et al. 2014; Cain et al. 2016; Rosset and Bradshaw 2016) 
which showed higher expression levels in the OST. This result differs from analyses in tetrapods 
since many of these genes including Satb2, Mmp9, Mmp13, Pthlh, and Sparc show upregulated 
expression levels in both MAT and OST compared to IMM. Differentially expressed genes between 
MAT and OST also include cartilage markers , such as sox5, acan, matn1, col11a1, col9a1 and 
col9a2 (Li et al. 1995; Watanabe et al. 1998; Lefebvre et al. 2001; Zhang et al. 2003; Nicolae et al. 








Figure 48. Gene expression distribution using only neural crest-derived skeletal datasets in chick and gar. A) 
Venn diagram analysis in neural crest-derived elements in chick (cb and dentary) shows that MAT and OST still share 
the most genes, whereas IMM and OST share the least. These results are consistent with chick datasets analyzed above 
when only humerus and combined hum+cb datasets are compared to dentary dentasets. (B) Venn diagram analysis in 
gar shows that IMM and OST share the most genes, whereas IMM and MAT share the least. (C) Differential gene 
expression analysis in chick show that IMM has the least DEGs, whereas the OST has the fewest DEGs in the gar (D). 
There are many downregulated genes in gar MAT compared to IMM and OST. The chick skeletal element(s) from 
which IMM and MAT were isolated is indicated in the figure (i.e. cb). Gene lists used for Venn diagram, analyses and 












Figure 49. Pairwise differentially expressed genes between gar skeletal cell types. Unlike tetrapods, IMM and OST 
in the gar have the least DEGs (118 genes), whereas MAT and OST have the most (1882 genes). The graph shows 
upregulated genes in the second cell type compared to the first cell type. Gene lists used for DEGs graphs were generated 




















6.3.4.4.NC-derived skeletal GRN shows strong positive correlation between IMM and OST in 
chick and gar 
 
Gene co-expression network analyses described in the previous sections (sections 6.3.2.2. 
and 6.3.3.2, Figs. 39&42) showed that in mouse and chick that there is a strong cross-inhibition 
between IMM- and OST-enriched portions of the GRN, and these portions interact positively in 
MAT (Figs. 39&42). To test whether GRN structure is also conserved in gar, GCN analysis was 
performed in gar NC-derived skeletal cells (Fig. 50A). A total of 1882 differentially expressed genes 
were included in the gar GCN analysis. In contrast to tetrapods, genes enriched in gar IMM show a 
strong positive correlation with genes enriched in OST, and this big portion of positively correlated 
genes in IMM and OST were negatively correlated with genes enriched in MAT (Fig. 50A,A’). A 
total of 4156 positive correlations between IMM and OST out of 127,179 total positive correlations 
in the network were observed in gar (3.3% of total positive correlations between genes enriched in 
different cell types, Fig. 50A). Most of the positive correlations included in this estimated GRN were 
between genes enriched within the same cell type, in this case OST-OST. When GCN analysis was 
performed in chick homologous NC-derived skeletal cells, GRN structure between gar and chick 
was remarkably similar, although this conclusion in chick was based on an extremely limited dataset 
(Fig. 50B; only 490 DEGs included in the GRN). Interestingly, in gar, an interacting bridging portion 
between two distinct cell types is absent (Fig. 50A), so these results suggest that cross-inhibition 
between IMM and OST and interacting bridging portion between two distinct portions of the skeletal 







Figure 50. GRN structure of neural crest-derived elements in gar and chick shows strong positive correlation 
between IMM and OST. (A) GCN analysis in gar revealed strong positive correlation between genes enriched in IMM 
and OST, which are located in the same portion of the GRN (A’). These IMM-OST enriched genes are negatively 
correlated with genes enriched in MAT. (B) Gene co-expression network analysis in chick using only NC-derived 
skeletal elements revealed two independent GRN portions enriched in OST and MAT that are negatively correlated with 
each other. In this case the bridging interacting portion is composed of genes enriched in IMM instead of MAT. In the 
ceratobranchial, there is strong cross-inhibition between MAT and OST enriched portions of the GRN (B’). The chick 
skeletal element(s) from which IMM and MAT were isolated is indicated in the figure (i.e. cb). In these analyses, IMM 




Since an increase in positive correlations between IMM and OST was seen in NC-derived 
skeletal cell GRNs of both gar and chick (Fig. 50A’,B’), we aimed to test whether NC origin had an 
influence in GRN structure. To test this, gene ontology analyses were performed in genes positively 
correlated between IMM and OST of chick (187/490 total genes in GRN=38%) and gar (510/1882 





correlated between IMM and OST were related to neural crest-dependent processes in chick and gar 
(Fig. 52A,B), but the number of genes involved in NC-related processes was low (less than 20%) in 
both species. Furthermore, when chick mesoderm-derived cartilage datasets are included in these 
GRN structure analyses, positive correlations between IMM and OST portions of the GRN are still 




Figure 51. Gene ontology analyses reveal that positively correlated genes between IMM and OST in both chick 
and gar are involved in several neural crest related processes. GO analyses of positively correlated genes between 






6.3.4.5.Cluster analysis in chick and gar reveal that mechanisms of gene regulation in MAT 
are conserved regardless of the embryonic origin, but in gar more clusters show 
downregulated gene expression in MAT 
 
 
To test whether regulatory control of gene expression in MAT is conserved in the different 
vertebrates (tetrapods vs fish), model-based cluster analysis was also performed in NC-derived 
skeletal datasets of chick and gar (Figs. 52&53). Similar to the previous cluster analyses in chick 
(Figs. 40&43), when only NC-derived elements were analyzed, categories of gene expression were 
conserved (Fig. 52A). Some clusters show evidence of independent GRN regulation in MAT. For 
instance, in cluster 2, expression in IMM and MAT is similar and significantly lower compared to 
OST (Fig. 52C), and this cluster includes genes such as PTH1R, DLX5, DLX6, and HEY1 which are 
known to be involved during osteoblast differentiation (Robledo et al. 2002; Holleville et al. 2007; 
Samee et al. 2008; Datta and Abou-Samra 2009; Sharff et al. 2009; Datta et al. 2010; Kawane et al. 
2014). An important discrepancy compared to the previous cluster analyses in mouse and chick (see 
chapter 3, Fig. 19; Figs. 40&43) is that no cluster showed evidence of similar expression between 
MAT and OST (Fig. 52). Although different numbers of genes are included in GCN and cluster 
analyses, the fact that no cluster shows similar expression between chick MAT and OST is consistent 
with chick GCN analysis which showed increased negative correlations between MAT and OST 
(Fig. 50B, blue lines between MAT and OST portions of the GRN), causing antagonistic expression 
levels in these cell types. Other clusters showed evidence of GRN interaction in MAT. For example, 
in cluster 1 expression is enhanced in chick MAT, suggesting specific portions of the GRN driving 
IMM and OST are acting synergistically in MAT (Fig. 52B,I). These clusters include genes involved 
in cartilage differentiation and maturation, such as SOX5, COL10A1, and MEF2C (Smits et al. 2001; 
Lu et al. 2014; Nakatani and Partridge 2017). SOX5 has a well-known role during early cartilage 
differentiation (Smits et al. 2001), but previous work has shown that this gene together with SOX6 
are also needed to develop and maintain hypertrophic chondrocytes (Smits  et al. 2004), which could 
explain the high levels of expression in MAT. 
Other clusters showed that expression levels in MAT were an average of expression between 
IMM and OST. For example, cluster 10 includes the master chondrocyte differentiation marker 
SOX9, as well as, many genes are under the control of this transcription factor, such as COL2A1, 





expected to show intermediate expression levels between IMM and OST (Bell et al. 1997; Bi et al. 
1999b; Lefebvre et al. 2001; Kiani et al. 2002; Meech et al. 2005; Carlsen et al. 2006). 
Cluster analysis in gar shows that regulation of gene expression in gar MAT was conserved 
to some extent, regardless of the dramatic differences of GRN structure in gar (i.e. genes enriched 
in IMM and OST grouped together  and positively correlated + no interacting bridging portion in 
MAT; Fig. 50A). Again, some clusters show evidence of independent regulation in gar MAT. For 
instance, in cluster 1 and 5, gene expression in IMM and MAT was similar and significantly lower 
compared to OST (Fig. 53B,F) including genes involved in bone related processes such as, 
osteoblast differentiation, angiogenesis, vasculogenesis, and mineralization. In cluster 1, gene 
expression in IMM and MAT was significantly similar, and lower compared to the OST (Fig. 53B) 
including genes such as, mmp13, mmp9, hey1, and ctnnb1 (β-catenin; Inada et al. 2004; Sharff et al. 
2009; Chen and Long 2013; Liang et al. 2016). In cluster 5, gene expression in IMM and MAT was 
similarly low and statistically different from OST (Fig. 53F) including the classic osteoblast markers 
sp7 and spp1 (Sodek et al. 1995; Nakashima et al. 2002; Nishimura et al. 2012; Niu et al. 2017). In 
contrast to mouse and chick MAT, many of these genes highlighted above (e.g. mmp9, mmp13, and 
spp1) showed little to no expression in gar MAT.  
Other clusters showed similar expression between MAT and OST in gar. For example, 
clusters 3 and 7 showed similarly high expression in MAT and OST, and both were statistically 
significant different from OST (Fig. 53D). Cluster 3 includes col10a1 which is highly expressed in 
both MAT and OST suggesting that this gene is not limited to chondrocyte maturation in gar. 
Strikingly, in gar, more clusters (particularly clusters 2, 4, and 6) showed dramatic downregulation 
in MAT compared to IMM and OST (Fig. 53C,E,G). These results in gar suggest that gene 
expression in MAT of earlier diverged vertebrates was different to IMM and OST, and this cell type 
acquired more similarities with IMM and OST over time. Similar to tetrapods, other clusters in gar 
show evidence of GRN interaction in MAT. For example, cluster 9 shows that gene expression in 
MAT is similar to the average expression in IMM and OST. As expected, this cluster includes genes 
that are involved in both cartilage and bone differentiation such as sox9 and runx2, bmp5, bmp6, 
dlx5, runx3, and sparc, which are also crucial for proper MAT formation (Fig. 53J; Minina et al. 
2001; Yoshida et al. 2004; Holleville et al. 2007; Rotllant et al. 2008; Samee et al. 2008; Rosset and 
Bradshaw 2016). These results suggest that regulatory control of MAT is somewhat conserved 






Figure 52. Model based clustering using only ceratobranchial datasets compared to the dentary datasets in the 
chick. (A) Model-based clustering demonstrated that groups of IMM, MAT, and OST genes had discrete categories of 
expression. (B-K) Box plots showed the distribution of gene expression change among cell types compared to the 
average expression across all three cell types. AVE represented average expression of IMM and OST. MAT expression 
in cluster 2 (C) was significantly similar to IMM. (I) Cluster 8 had statistically higher gene expression in MAT than in 
either IMM or OST. (I) In cluster 10, gene expression in MAT was statistically indistinguishable from AVE. Some 
clusters show a trend in which IMM and OST have similar expression levels (D,J), but only in cluster 3 gene expression 
between IMM and OST was significantly similar (D; P<0.05). The chick skeletal element(s) from which IMM and MAT 
were isolated is indicated in the figure (i.e. cb). In these analyses, IMM and MAT datasets were always compared to 






Figure 53. Model based clustering using gar skeletal datasets. (A) Model-based clustering demonstrated that groups 
of IMM, MAT, and OST genes had discrete categories of expression. (B-L) Box plots showed the distribution of gene 
expression change among cell types compared to the average expression across all three cell types. AVE represented 
average expression of IMM and OST. MAT expression in cluster 1 and 5 (B,F) was similar to IMM, and significantly 
different from OST. In clusters 3 and 7 (D,H), gene expression in MAT was similar to OST, and statistically different 
from IMM.  (J) In cluster 9, gene expression in MAT was statistically indistinguishable from AVE. (L) MAT showed 
enhanced expression compared to IMM and OST. In clusters 2, 4, and 6 (C,E,G), MAT showed significantly lower 






6.3.4.6.The overlap between transcriptomes of chondrocytes isolated from the humerus is 
higher compared to the ones isolated from the ceratobranchial/ceratohyal 
Skeletal tissues of distinct vertebrate clades have evolved in response to different selective 
pressures. To reaffirm the evolutionary relatedness between gar and tetrapods, we compared the 
transcriptomes of the different homologous skeletal elements used in the present study. While chick 
and mouse humeri share 65-70% of the genes expressed above threshold (Fig. 54C,D), gar and chick 
ceratohyal/ceratobranchial share only 27-38% of the genes (Fig. 54A,B). This could be the result of 
a larger phylogenetic distance between common ancestors of gar, chick, and mouse (~430 MYA; 
Kumar et al. 2017; Fig. 2B) compared to the ancestor of only mouse and chick (~312 MYA; Kumar 




Figure 54. Venn diagrams comparing homologous skeletal elements. Comparative transcriptomics showed that IMM 
and MAT isolated from the humerus of mouse and chick share 65% and 70% of the total number of genes, respectively. 
IMM and MAT isolated from the ceratohyal/ceratobranchial of gar and chick only share 38% and 27% of the genes, 





6.3.4.7.The osteoblast shows a higher degree of conservation compared to the chondrocyte  
 
In chapter 2, it was hypothesized that earlier diverged cell types are more conserved between 
distinct clades, than later diverged ones (see chapter 2, Fig 8). This idea is based on the concept of 
phyletic constraint where a cell type appearing later in evolution is more free to vary compared to a 
cell type appearing earlier which retains more ancestral features (Gould et al. 1979; Hanken and 
Thomson 1990; McKitrick 1993). Thus, when comparing IMM, MAT, and OST of mouse, chick, 
and gar, it is predicted that IMM would be more similar (i.e. share more genes) between the three 
species, since this cell type evolved first (see chapter 2 for details). In contrast, it is predicted that 
MAT and OST would show more variation across species. Previous studies with candidate genes 
support this hypothesis. When comparing gene expression in chondrocytes and osteoblasts of 
mouse, chick, zebrafish, and gar, gene expression was conserved in chondrocytes of these species, 
while in osteoblasts expression showed some variation (Eames et al. 2012). For example, 
chondrogenic markers were found to be expressed in osteoblasts of zebrafish and gar, but not in 
tetrapods (Eames et al. 2012; our data, see chapter 5 for a more detailed OST evolutionary 
comparison).  
In order to test which skeletal cell type shows a higher degree of conservation across clades, 
IMM, MAT, and OST isolated from homologous elements were compared between mouse, chick, 
and gar (Fig. 55). Only one-to-one orthologs were used for these comparisons (IMM, 8387 genes; 
MAT, 8679 genes; OST, 9021 genes). Using an unbiased transcriptomic approach, these analyses 
revealed that OST was the most similar cell type between mouse, chick, and gar since all three 
species shared 44% of the genes expressed above threshold (Fig. 55C, 3961 shared genes). Gene 
ontology analysis revealed that some genes shared between the OST of the three species are involved 
in bone related processes such as, osteoblast differentiation, blood vessel development, and 
ossification including classic bone genes such as the master osteoblast regulator Runx2, and many 
genes that are under the control of this transcription factor such as, Col1a1, Col1a2, Mmp13, and 
Sparc (see chapter 5 for more details regarding evolution of the OST GRN).  The three species 
shared a small percentage of IMM and MAT genes (Fig. 55A,B). While mouse, chick, and gar shared 
30% of IMM genes expressed above threshold (2520 genes; Fig. 55A), MAT was the least similar 





threshold (1841 genes; Fig. 55B). However, when comparisons were limited to only two species, 




Figure 55. OST is the most similar cell type between mouse, chick, and gar, and MAT is the least similar. Venn 
Diagrams showing genes expressed above threshold in IMM, MAT, and OST of land tetrapods (mouse and chick) and 
gar. The three species share a total of 2520 IMM genes, 1841 MAT genes, and 3961 OST genes. Gene lists used for 





Gene ontology analysis revealed that IMM and MAT genes shared across all three species 
were related to chondrocyte differentiation, cartilage development, ossification, osteoblast 
differentiation, Wnt signaling pathway, bone mineralization, bone development, and apoptosis, 
among others.  Genes shared in IMM and MAT of all three species include hallmark cartilage 
differentiation markers such as, Sox9, Sox5, Sox6, Acan, and Col9a1 (Watanabe et al. 1998; Bi et al. 
1999; Smits et al. 2001; Zhang et al. 2003), as well as classic cartilage maturation genes such as, 
Runx2, Col10a1, Mef2c, Runx3, and Wnt5b (Yang et al. 2003; Yoshida et al. 2004; Arnold et al. 
2007; Lu et al. 2014). In all three IMM, MAT, and OST comparisons, mouse and chick shared a 
higher percentage of genes (IMM, 61% of shared genes; MAT, 67% of shared genes; OST, 67% of 





Skeletal cell evolution has been little explored since most evolutionary studies focus on 
morphological differences between homologous skeletal elements in various phylogenetic clades 
rather than differences in skeletal cell histogenesis. Here, LCM was used to characterize the 
transcriptomic profiles of IMM, MAT, and OST in three distinct vertebrate clades, and skeletal cell 
gene regulatory networks (GRNs) were revealed. Previous studies have provided insight into how 
the GRNs driving cartilage and bone might be organized during their differentiation (Cole 2011; 
Calabrese et al. 2012; Kerkhofs et al. 2012; Oh et al. 2014; Liu and Lefebvre 2015; Ohba et al. 2015; 
Hojo and Ohba 2019; Kang et al. 2019),  but the evolution of skeletal cell GRNs needs to be further 
explored.  
As discussed in chapter 3, analyses in mouse suggest that one GRN regulates the 
differentiation of IMM, MAT, and OST, and specific portions of this GRN are active in each cell 
type (Fig. 1; see chapter 3, Figs. 15&17), but is GRN structure conserved in distinct animal clades? 
To understand GRN organization and evolution, we compiled transcriptomes of homologous 
skeletal cells in mouse, chick, and gar, and constructed skeletal cell GRNs. We hypothesize that 
skeletal cell GRN structure and mechanisms of gene regulation in MAT are conserved features 





overlap of gene expression between IMM or OST, since it shared many genes with both cell types, 
and it also had the fewest differentially expressed genes (see chapter 3, Fig. 15; Figs. 37&41). This 
overlapping gene expression in MAT was also supported by gene co-expression network (GCN) 
analyses. GCN analyses in mouse and chick identified two independent portions of the GRN 
enriched in IMM and OST, which showed strong cross-inhibition with each other, and they were 
positively interacting through enriched genes in MAT (see chapter 3, Fig. 12; Figs.39&42). In chick, 
however, positive interactions were also observed between IMM and OST, but negative interactions 
between these two cell types were dominant (Figs. 39B&42). Although a few exceptions exist 
(Blumer et al. 2004; Ytrehus et al. 2004; Blumer et al. 2005; Hall 2015), cartilage is typically 
avascular, whereas bone is highly vascularized. A particular study in embryonic chick femur showed 
the presence of ‘communicating canals’ in the different zones of the growth plate, including resting 
and proliferative zones (i.e. IMM in the present study), and confirmed the expression of Vascular 
endothelial growth factor (VEGF) in these canals (Blumer et al. 2004), so expression of VEGF was 
not limited to blood vessels in bone. During endochondral ossification, MAT in tetrapods often is 
invaded by vasculature, forming the bone marrow cavity (Stricker et al. 2002; Ortega et al. 2004; 
Moriishi et al. 2005).  Although blood vessels were not observed at the timepoint chondrocytes were 
collected from chick humerus and ceratobranchial (see chapter 4, Figs. 27&28), it is possible that 
these cells have already expressed ‘OST’ genes that would later induce vessels and were influencing 
the expression of chick IMM genes at this early timepoint. These results in chick suggest that this 
network structure (i.e. positive correlation between IMM and OST portions of the GRN) might be a 
conserved feature in avian species but not in mammals (Figs.39B&42), but skeletal cells from other 
animal clades need to be analyzed to support this assumption.  
Despite minor structural differences between the mouse and chick GRNs being identified, 
important cartilage and bone markers were conserved in both species. For instance, the expression 
of classic MAT markers, such as Col10a1 and Spp1 was verified in mature chondrocytes of both 
mouse and chick (Fig.44B,C-F,G). Importantly, the expression of a novel conserved MAT enriched 
gene, Nhej1, was also confirmed in mature chondrocytes of mouse and chick (Fig.44D,H). NHEJ1 
is part of a protein complex that includes XRCC4, XRCC5, XRCC6, PRKDC, LIG4, PAXX, and 
NAA15 (Berman et al. 2000). Specifically, NHEJ1 interacts with the XRCC4-DNA ligase IV 
complex to promote DNA nonhomologous end-joining, and may serve as a bridge between XRCC4 





expression of important MAT and OST differentiation genes including RUNX2, MSX2, DLSX5 and 
BGLAP (Berman et al. 2000). Interestingly, most of the proteins involved in the NHEJ complex 
were expressed in tetrapod MAT and OST in our data (data not shown). Also, studies in mutant mice 
and chicken have shown that complete or partial deletion of Nhej1 can inhibit expression of Ihh in 
certain tissues, leading to short limbs, reduced skull ossification and lack of trabecular bone (Will et 
al. 2017; Kinoshita et al. 2020). The effects that NHEJ1 has in chondrocytes are still uncertain, 
however due to the importance of the NHEJ1 complex in activating important MAT and OST genes, 
the idea that NHEJ1 might influence cartilage maturation needs to be further explored. In the present 
work, we attempted to study Nhej1 function, but overexpression of this gene in ATDC5 cells resulted 
in significant cell death (data not shown).  When comparing chick and mouse, subtle gene expression 
differences were also identified. In chick, RUNX2 was expressed highly in both MAT and OST, but 
it was not differentially expressed when compared to IMM. A possible explanation for this is that 
pre-hypertrophic and hypertrophic zones in the avian growth plate are disorganized, so cells at 
different stages of differentiation can be located next to each other (Leach Jr and Gay 1987; Pines 
and Hurwitz 1991; see chapter 4, Figs. 27&28).  It is possible that there was more variation in the 
cells captured from chick skeletal elements compared to mouse. Furthermore, chicks were raised in 
farms, so they become more susceptible to variation, compared to the mouse that is an inbred 
individual raised in a controlled laboratory environment which shows little phenotypic variation. 
Consistent with previous work (Kague et al. 2016), another important difference between the mouse 
and chick skeletal datasets presented here was the absence of a clear SP7 orthologue in chick. These 
results suggest that SP7 might not be required for avian bone formation, as it is during mammalian 
and fish osteogenesis (Niu et al. 2017; Yu et al. 2017).  
Gene expression in gar MAT showed important differences when compared to tetrapods. In 
contrast to mouse and chick, gar MAT has several downregulated genes compared to IMM and OST 
(Fig. 48D, Fig. 49, Fig. 53). In gar, differentially expressed genes between MAT and OST include 
classic mineralization and osteoblast markers, such as msx1, msx2, satb2, mmp9, mmp13, hey1, 
members of the Irx family (irx1, irx5) vegfa, pthlh, sparc, col1a2 (Satokata and Maas 1994a; Weir 
et al. 1996; Satokata et al. 2000; Zelzer et al. 2004; Salie et al. 2010; Nyman et al. 2011; Nishimura 
et al. 2012; Conner and Hornick 2013; Nassif et al. 2014; Yano et al. 2014; Cain et al. 2016; Rosset 
and Bradshaw 2016) which showed higher expression levels in the OST. In mouse and chick, 





as, Satb2, Mmp9, Mmp13, Pthlh, and Sparc, whereas in gar MAT they exhibited little to no 
expression. These results suggest that gar MAT was perhaps at a relatively younger stage than chick 
and mouse MAT. Despite the presence of bone matrix in the perichondrium of the 13dpf ceratohyal 
was revealed by Trichrome staining (Fig. 45E), histological analysis in gar ceratohyal revealed that 
chondrocyte hypertrophy was not so evident in the 13dpf ceratohyal (Fig. 45D). However expression 
of the hallmark mature chondrocyte gene col10a1 was already high in the 13dpf ceratohyal and the 
expression domain was already expanding towards the epiphyses (Fig. 46C). These results in gar 
suggest col10a1 is only a hypertrophy marker, and should not be considered alone to identify MAT, 
since there are other factors potentially driving cartilage hypertrophy.   
The mechanisms that trigger chondrocyte hypertrophy have been largely unexplored, but 
previous studies suggest that this increase in chondrocyte size could be associated with accumulation 
of organic osmolytes (i.e. betaine, aminoacids, and sugars), an increase in organelle size, and water 
accumulation in the cytoplasm and nucleoplasm  (Buckwalter et al. 1986; Farnum et al. 2002). In a 
more recent study in mouse and jerboa, Cooper et al. identified three phases of chondrocyte 
enlargement, and the last of these three phases is regulated by the Insulin-like Growth Factor (IGF) 
signaling (Cooper et al. 2013). Previous work in mutant mice has also revealed that Igf1 increases 
chondrocyte hypertrophy, and hypertrophic chondrocytes of Igf1-/-express normal levels of MAT 
markers such as, Col10a1, Ibsp, and Alpl, but they are smaller in size compared to hypertrophic 
chondrocytes of wild-type mice (Wang et al. 1999).  The effects of Igf2 during cartilage hypertrophy 
have also been assessed (Murray et al. 2013; Uchimura et al. 2017). For instance, a particular study 
in mutant mice revealed a role for Igf2 during cartilage hypertrophy. Bones of Igf2 mutant mice 
grew slower compared to wild type mice, exhibiting a shorter prehypertrophic zone and a 
disproportionally larger hypertrophic zone (Uchimura et al. 2017). Likewise, in Igf1 mutant mice, 
the expression of classic MAT markers such as, Col10a1, Mmp13, and Alpl was not significantly 
altered in Igf2 mutant mice, although subtle gene expression differences were detected (Uchimura 
et al. 2017). Despite current studies analyzing the role of Igf1 and Igf2 have mostly focused in 
mammals, it is possible that these genes might also have an effect during chondrocyte hypertrophy 
of nonmammalian vertebrates. Two previous studies analyzed Igf1 and Igf2 genes in different 
nonmammalian vertebrates in order to identify regulatory changes during evolution, and the results 
obtained were then compared to mammals. Despite structural and functional features of Igf1 and 





gar was one of the few nonmammalian species that exhibited more variation in Igf1 and Igf2 gene 
organization (Rotwein 2018b; Rotwein 2018a). Currently it is not well understood how alterations 
in gene structure may affect the function of Igf1 and Igf2 during cartilage hypertrophy in gar, so a 
more detail histological and molecular study analyzing expression patterns of both genes at different 
developmental stages during MAT differentiation, as well as expression of classic MAT markers 
(e.g. col10a1, spp1, ibsp, and mmp13), would provide more insight into how cartilage hypertrophy 
might be regulated in gar.  
GRN structure in gar also exhibited important differences compared to tetrapods (Fig. 50A). 
In contrast to mouse and chick, the antagonistic relationship between the IMM and OST portions of 
the GRN was dramatically reduced in gar (Fig. 50A).  A very limited dataset of chick NC-only genes 
suggests that gar results might be related to neural crest origin (Fig. 50B), but additional neural crest-
derived skeletal datasets from other vertebrates should be included into these comparisons to 
confirm whether embryonic origin is indeed affecting GRN structure (e.g. increased positive 
correlations between IMM and OST). While in earlier diverged vertebrates (i.e. gar) portions of the 
GRN underlying IMM and OST overlapped with each other and shared the expression of many 
genes (Fig. 50A, Fig. 56A), in later diverged vertebrates (i.e. mouse and chick), the increased 
number of negative correlations between IMM and OST (Figs. 39,42&56B) suggest that portions of 
the GRN directing these cell types became distinct during evolution. In terms of GRN structure, the 
gar OST appears to be more ‘chondrogenic’ due to the reduced number of negative correlations (and 
increased positive correlations) between IMM and OST portions of the GRN in this species (Fig. 
50A, Fig. 56A). These results are consistent with Venn diagram analysis which revealed that gar 
IMM and OST transcriptomes showed the highest similarity (Fig. 48B) compared to tetrapods (Fig. 
37A,B; Fig. 41A; Fig. 48A). In chapter 2, we hypothesized that the osteoblast might have evolved 
from a chondrocyte by co-opting portions of an ancestral GRN initially used to make cartilage (see 
chapter 2, Fig. 6). Then in chapter 5, we provided evidence that supported this hypothesis since the 
OST of an earlier diverged vertebrate (i.e. gar) expresses higher levels of classic chondrogenic 
markers compared to OST of later diverged vertebrates (i.e. mouse and chick). These results suggest 
that in earlier diverged vertebrate clades (i.e. gar) the transcriptional programs driving IMM and 
OST overlapped (Fig. 56A), and then they became more distinct in later diverged vertebrates (i.e. 





osteoblast GRN conferring novel functions and causing the IMM and OST portions of the GRN to 





Figure 56. Portions of the GRN directing IMM and OST became more distinct over time. Schematic representation 
of estimated skeletal cell GRNs for gar, chick, and mouse. (A)While in earlier diverged vertebrates (i.e. gar) portions of 
the GRN underlying IMM and OST overlapped with each other and shared the expression of many genes. (B) In more 
recently diverged vertebrates (i.e. mouse and chick), the increased number of negative correlations between IMM and 





Despite differences in GRN structure were identified between tetrapods and gar, cluster 
analyses revealed that regulatory control of mature chondrocytes is generally conserved among 
vertebrates (see chapter 3, Fig. 19; Figs. 40,43,52 and 53). Some clusters showed independent 
regulation in MAT, suggesting that portions of the GRN active in IMM and OST were also active 
in MAT, regulating gene expression in this cell type in a similar manner as in IMM or OST (see 
chapter 3, Fig. 25A). Other clusters showed evidence of interaction in MAT via averaging and 
synergism (see chapter 3, Fig. 25B). Strikingly, when cluster analysis was performed in gar skeletal 
cell types, more clusters showed significant downregulated gene expression in MAT compared to 
IMM and OST (Fig. 53C,E,G). These results are consistent with differential gene expression 





types (Fig. 48D, Fig. 49). As discussed above, it is possible that gar was not at an equivalent stage 
compared to mouse and chick, since hypertrophy in MAT was not as evident at the staged analyzed 
(Fig. 45D) which could also explain this result.  In general, these findings suggest that in earlier 
diverged vertebrates there was a repression circuit activated in a neural crest specific GRN to make 
MAT, and later this GRN was modified and transcriptional repressors in this circuit were inhibited. 
Evidence of evolution in a repression circuit has been identified in fungi, where changes in the 
coding sequence of the protein Matα2, and sub-sequent modification of cis-regulatory sequences in 
its future target genes, gave rise to a new transcriptional program that involved repression of these 
novel genes (Britton et al. 2020). Similar changes in regulatory proteins and its target genes in an 
early MAT (e.g. gar) could have led to the formation of novel transcriptional programs (and by 
extension activation of novel genes) in MAT of more recently diverged clades (e.g. tetrapods) that 
resulted in inhibition of MAT repressors that were active in early MAT. Since gar MAT evolved 
before mouse and chick MAT, it is likely that this ‘repression state’ in gar MAT closely resembled 
the ancestral MAT. These data recalls to the concept of phyletic constraint were earlier diverged 
lineages retain more ancestral features (Gould et al. 1979; Hanken and Thomson 1990; McKitrick 
1993). 
Skeletal tissues of distinct vertebrate clades have evolved perhaps in response to different 
selective pressures. In order to test gene expression similarities between skeletal elements in mouse, 
chick, and gar, transcriptomes of the different homologous skeletal elements used in the present 
study were compared. While chick and mouse humeri share 65-70% of the genes expressed above 
threshold (Fig. 54C,D), gar and chick ceratohyal/ceratobranchial share only 27-38% of the genes 
expressed above threshold (Fig. 54A,B). A possible explanation for this is that tetrapod limbs were 
exposed to similar selective pressures to withstand the effects of gravity which ultimately favored 
locomotion in the open air. Thus, the genes employed to achieve this are expected to be highly 
conserved between both clades. In contrast, avian and fish ceratobranchial/ceratohyal were subjected 
to different evolutionary pressures related to diet and food processing, so the gene expression 
overlap between skeletal elements between these species is not as high. Furtheremore, there is a 
larger phylogenetic distance between common ancestors of gar, chick, and mouse (~430 MYA; 
Kumar et al. 2017; Fig. 2B) compared to the ancestor of only mouse and chick (~312 MYA; Kumar 





Based on the concept of phyletic constraint that posits that earlier evolved traits are more 
conserved (Gould et al. 1979; Hanken and Thomson 1990; McKitrick 1993), we predicted that when 
comparing IMM, MAT, and OST transcriptomes across vertebrate clades, IMM would be more 
conserved than MAT and OST, since IMM evolved first (see chapter 2 for details). However the 
analyses presented here revealed that the OST transcriptome was actually more conserved between 
mouse, chick, and gar (Fig. 55C, 44% shared genes), which do not support the hypothesis. The OST 
was the only cell type that was isolated from exactly the same element in all three species (i.e. 
dentary bone), whereas IMM and MAT were isolated from two elements of different embryological 
origin (i.e. humerus in mouse and chick, ceratobranchial/ceratohyal in chick and gar), and these 
chondrocyte data were then combined to make evolutionary comparisons of the three species 
possible. Although, combining datasets could have added a little more variation into the chondrocyte 
data, analysis in chick presented in chapter 4 show that the transcriptomes of chondrocytes derived 
from different embryonic lineages (i.e. mesoderm vs neural crest) are highly similar (see chapter 4, 
Fig. 29A) which supports the reliability and validity of these results. Moreover, as discussed above, 
gar appeared to be in an earlier developmental stage compared to mouse and chick (i.e. gar MAT 
hypertrophy not as evident as in tetrapods, see Fig. 45D) which could have also added more variation 
into the chondrocyte data. Despite these differences, when comparing gene expression between 
IMM, MAT, and OST of the three clades, essential genes during cartilage (e.g. Sox9, Sox5, Sox6, 
and Col10a1) and bone differentiation (i.e. Runx2, Col1a1, and Sparc) were highly conserved 
between mouse, chick, and gar. These results suggest that these core set of genes were likely 
included in the ancestral GRN to make cartilage and bone. In summary, our results generally 
supported our hypotheses. First, mechanisms of gene regulation and GRN structure are conserved 
to some extent in the three vertebrate clades analyzed, however, some differences were noted when 
these analyses were performed in gar neural crest-derived elements. Adding more phylogenetic 
clades into these evolutionary comparisons will provide more insight into the GRN driving skeletal 
cell differentiation and evolution.  Together these results highlight the complexity of skeletal cell 
GRN organization and propose a novel unbiased approach through which to understand 











Embryo Collection and tissue processing. All animal procedures were performed according to 
guidelines approved by the University of Saskatchewan Animal Care and Use Committee. Chick 
(Gallus gallus): White leghorn chicken eggs were incubated in a humified incubator at a constant 
temperature of 37ºC. Embryos were harvested at Hamburger-Hamilton stage 36 (~E10.5; 
(Hamburger and Hamilton 1951). Each embryo was decapitated, and the forelimbs and lower jaws 
were dissected and immediately placed in 1X PBS/DEPC, followed by embedding in OCT (Tissue 
Tek, Torrance, CA, USA; for detailed methodology see chapter 3), and immediately flash-frozen 
using liquid N2 and 2-Methylbutane (isopentane). Spotted gar (Lepisosteus oculatus): Gar larvae 
were kindly provided by Dr. Allyse Ferrara (Nicholls State University Thibodeaux, LA). Larvae 
were placed in beakers and raised at a constant temperature of 24ºC and a pH between 6.5-8 in a 
water bath. Once gar larvae reached 13 and 14 dpf they were euthanized using 0.2% tricaine. The 
length of these larvae varied between 1.6-2.2 cm. Heads were dissected and immediately placed in 
1X PBS/DEPC, followed by embedding in OCT. For whole mount and section histology, both chick 
and gar dissected tissues were fixed in 4% PFA prior embedding in OCT (in the case of section 
histology).  
 
Alcian blue/ Alizarin red whole mount skeletal stain. Mouse E14.5 embryos, chick HH36 
embryos, and 13dpf gar larvae were fixed using 4% paraformaldehyde, and then stained with Alcian 
blue and Alizarin red using an acid-free solution that included MgCl2 to differentiate staining, and 
then cleared in glycerol/KOH as described elsewhere (Eames et al. 2011). 
 
Histology. Safranin O/Fast Green staining was performed on 10 μm thick frozen sections of the 
E14.5 mouse humeri, the HH36 chick humeri and ceratobranchial, and the 13dpf gar ceratohyal as 
described previously (Ferguson et al. 1998). Trichrome staining was performed on 10μm thick 
frozen sections of the E14.5 mouse, HH36 chick, and 13dpf gar mandibles, as described previously 
(Clark and Smith 1993).  
 
Laser Capture Microdissection (LCM). LCM was performed on a Laser Microdissection - 





biological replicates for each tissue were captured. Chick: Immature and mature chondrocytes were 
captured from the developing HH36 humeri and ceratobranchial. In contrast, osteoblasts were 
isolated from the developing dentary in the jaw at HH36. Spotted gar: Immature and mature 
chondrocytes were captured from 13 dpf ceratohyal whereas osteoblasts were isolated from the 
developing dentary in the jaw at 13 dpf. Similar to mouse, a larger capture area was necessary to 
obtain a sufficient amount of RNA from mature cartilage of both chick and gar (Tables 7&8).  The 
captured cells were collected onto the inner lid of 0.5ml MMI IsolationCaps (either Diffuser caps 
(Prod#50202) or Transparent caps (Prod#50204; MMI Molecular Machines & Industries).  Once 
RNA-seq data was obtained, bioinformatic analyses identified some samples as outliers, and these 
were not included in our analyses. For details on bioinformatic analyses see chapter 3 methodology. 
 
RNA Isolation and Amplification.  RNA was isolated using the ARCTURUS PicoPure RNA 
Isolation Kit (ThermoFisher Scientific; Cat# KIT0204) according to the manufacturer’s instructions 
and DNase treatment was done using RNase-Free DNase (Qiagen; Cat#79254).  For gar and chick, 
the RNA from immature cartilage (n = 5), mature cartilage (n = 5), and bone (n = 5) were extracted. 
Chick chondrocytes isolated from the humerus and ceratobranchial were the same ones presented in 
chapter 4 (Table 5). Chick and gar osteoblasts were the same ones presented in chapter 5 (Table 8) 
RNA was then amplified with one or two rounds using MessageAmp II aRNA Kit (ThermoFisher 
Scientific; Cat# AM1751). The RNA integrity was evaluated on the observation of a signature 
eletropherogram pattern (Bioanalyzer).  
 










Ceratohyal IMM 1_ch 462,704
Ceratohyal IMM 2_ch 458,932            
Ceratohyal IMM 3_ch 225,184            
Ceratohyal IMM 4_ch 398,958
Ceratohyal IMM 5_ch 458,283
Ceratohyal MAT 1_ch 276,732
Ceratohyal MAT 2_ch 333,678
Ceratohyal MAT 3_ch 501,978
Ceratohyal MAT 4_ch 707,613
Ceratohyal MAT 5_ch 564,122
Dentary OST 1 239,200            
Dentary OST 2 119,862            
Dentary OST 3 136,791            
Dentary OST 4 192,750





Library preparation and deep RNA Sequencing. RNASeq libraries were prepared using the 
Illumina TruSeq RNA Sample Prep Kit v2 with the following modification: the protocol was started 
at the Elute, Prime, Fragment step using 5 µl amplified mRNA (minimum amount was 50 ng mRNA 
as determined using Quant-iT RiboGreen RNA Assay Kit (Invitrogen)).  The quality of each library 
was checked on a DNA 1000 chip using the 2100 Bioanalyzer (Agilent Technologies Inc.).  The 
size range of the prepared libraries (insert+ adapters) was 200-600 bp with an average size of 290 
bp.  Library concentrations were determined by qPCR using the KAPA SYBR FAST ABI Prism 
qPCR Kit (Kapa Biosystems) and the StepOnePlus Real-Time PCR System (Applied Biosystems).  
Equimolar concentrations of the libraries were pooled and a final concentration of 12 pM was used 
for clustering in one lane of a flowcell on the cBOT (Illumina).   The samples were then sequenced 
(2 x 101 cycles, paired-end reads) on the HiSeq2500 (Illumina) using the TruSeq SBS Kit v3-HS 
200 cycles Kit (Illumina). 
 
In situ hybridization (ISH).  Skeletal elements were dissected and fixed overnight in 4% 
paraformaldehyde in DEPC- phosphate buffered saline (DEPC-PBS) at 4°C. Tissues were then 
washed twice with PBS and embedded in OCT using liquid N2 and 2-methylbutane. Ten μm sections 
were collected from frozen tissues on Superfrost plus slides (Fisher scientific) for in situ 
hybridization analysis. Chick plasmids containing the SPP1 and COL10A1 genes were kindly 
provided by Dr. Rich Schneider (University of California, San Francisco) and Dr. Ralph Marcucio 
(University of California, San Francisco). Rat plasmid containing the Nhej1 gene was kindly 
provided by Dr. Laurent Villard (Aix-Marseille Université, France). The mouse and the rat NHEJ1 
protein sequences are 85% similar. Gar plasmids containing the col2a1 and col10a1 genes were 
kindly provided by Dr. John H. Postlethwait (University of Oregon). Plasmids were transformed and 
then sequence was confirmed in order to make RNA antisense probes. For details on methodology 













































CHAPTER 7. Limitations and future directions 
 
The recent advent in comparative transcriptomics and genomics have greatly aided in 
revealing the gene regulatory network (GRN) underlying skeletal cell differentiation, but the 
organization and evolution of skeletal cell GRNs needs to be further explored. To increase 
understanding in these relatively new areas of research, immature chondrocytes (IMM), mature 
chondrocytes (MAT), and osteoblast (OST) were isolated from homologous elements of distinct 
vertebrate clades and their transcriptomes were compiled. The analyses presented in this thesis 
provided insight into two unexplored areas in skeletal cell differentiation and evolution: the structure 
of GRNs driving skeletal cells in three phylogenetic clades and regulatory control of MAT. 
Comparisons between mouse, chick, and gar data revealed the complexity of the organization 
and evolution of the GRNs underlying skeletal cells.  Overall, the data presented here suggest that 
GRN structure and mechanisms of regulation in skeletal cells are generally conserved across 
tetrapods (i.e. mouse and chick), but important differences were observed in gar. While in mouse 
and chick genes in portions of the GRN active in IMM and OST had an antagonistic relationship 
(see chapter 3, Fig. 15; see chapter 6, Figs. 39&42), in gar,  genes in IMM and OST showed an 
increase in positive correlations (i.e. positive interactions; see chapter 6, Fig. 50A). These results 
suggest that in earlier diverged vertebrates (i.e. gar) portions of the GRN active in IMM and OST 
shared the expression/ regulation of many genes, but then these portions of the GRN became more 
independent over time resulting in mutual-repressive relationship (see Fig. 56). Most importantly, 
while the portion of the GRN directing MAT in mouse and chick exhibits overlapping gene 
expression patterns with portions active in IMM and OST, gar MAT exhibits an antagonistic 
relationship with IMM and OST. Venn diagram, differential gene expression, and model-based 
clustering analyses in skeletal cells of mouse, chick, and gar also supported these conclusions. 
Transcriptomic analyses in mouse and chick revealed that MAT share many genes with both IMM 
and OST (see chapter 3, Figs. 11A, 12A, 13 and 19; see chapter 6, Figs. 37, 38, 40, 41 and 43), and 
IMM and OST are the least similar cell types. Strikingly, in gar, when comparing only two cell 
types, IMM and OST are the most similar cell types, whereas MAT shows more variation (Fig. 48, 
49, and 53). For example, when gar skeletal cell transcriptomes were analyzed, model-based 
clustering analyses revealed that more clusters showed downregulation of gene expression levels in 





result in gar was particularly unexpected since model-based clustering analyses in mouse and chick 
showed that IMM and OST generally show opposite gene expression patterns, and MAT is mostly 
a combination of gene expression levels between both cell types. In general, these findings suggest 
that in earlier diverged vertebrates there was a repression circuit activated in a neural crest specific 
GRN to make MAT, and later this GRN was modified and transcriptional repressors in this circuit 
were inhibited. Evolution in a repression circuit can occur when the coding sequence of a 
transcription factor and sub-sequent modification of the cis-regulatory sequences of its target genes 
occur, which can lead to topological changes in GRNs (Britton et al. 2020). This basic mechanism 
of change in GRN structure is usually caused by co-option, which is defined as a cis-regulatory re-
deployment of a regulatory gene to create genomic novelty (Erwin 2019). Adding a non-amniote 
tetrapod into these comparisons, such as an aquatic frog (i.e. Xenopus; see Appendix I for more 
details), which is also a water-to-land transition animal,  may fill a gap in the evolutionary puzzle of 
how GRN structure has been modified.  
Despite all clades analyzed having homologous elements, in some cases it was not possible 
to isolate skeletal cells from the same elements for all species analyzed (see chapter 6, Fig. 36).  
Osteoblasts were isolated from the dentary bone (neural crest-derived; see chapter 5, Fig. 31), a 
homologous element in mouse, chick, and gar, facilitating evolutionary comparisons. Chondrocytes 
were isolated from skeletal elements of different embryonic origin: mesoderm and neural crest.  In 
the case of mouse, IMM and MAT were obtained from the humerus (mesoderm-derived; see chapter 
3, Fig. 9). For chick, IMM and MAT were obtained from the humerus (mesoderm-derived; see 
chapter 4, Fig. 27) and the ceratobranchial (neural crest-derived; see chapter 4, Fig. 28). Finally, gar 
IMM and MAT were obtained from the ceratohyal (neural crest-derived; see chapter 6, Fig. 45), a 
homologous element to the chick ceratobranchial.  Mouse also has a ceratohyal/ceratobranchial 
homolog but capturing cells from this element would be incredibly challenging due to its small size. 
Transcriptomic analyses in chick such as, Venn diagram and gene ontology analyses revealed that 
different chondrocyte lineages have highly conserved transcriptomes (see chapter 4, Fig. 29A), but 
embryonic origin might influence GRN structure. However GCN analyses performed in chick 
skeletal cells, suggest that perhaps combining neural crest- and mesoderm-derived data might be a 
good approach to make evolutionary comparisons. When chick mesoderm- and NC-derived 
chondrocytes were combined in GCN analyses, network structure remains conserved as when only 





where chondrocytes of distinct lineages were analyzed, additional mesoderm- and neural-crest 
comparisons within another clade should be performed test whether the degree of similarity is still 
high between skeletal cells derived from the two embryonic lineages. If the degree of conservation 
between mesoderm- and NC-derived chondrocyte lineages in other vertebrates is low, then 
evolutionary comparisons perhaps should be limited to skeletal cell types isolated from homologous 
elements or at least derived from the same lineage.  
As discussed above, osteoblasts were only isolated from a neural crest-derived bone (i.e. 
dentary), so osteoblasts isolated from perichondral bone derived from the mesoderm (i.e. humerus; 
Fig. 57) should also be included into these mesoderm and neural crest comparisons to further test if 
the portion of the GRN driving OST differentiation is also conserved throughout the body and 
regardless of embryonic origin. The technical reason OST were isolated from the dentary bone was 
to avoid potential cross-contamination with mature chondrocytes (MAT, Fig. 57). With the MMI 
CellCut laser equipment used it was incredibly challenging to cut through the bone samples, so 
cartilage would have been inevitably captured as well. However Dr. Brian Eames and a current 
colleague from the lab, Joseph Atake, successfully captured hard mineralized tissue using the Leica 
LMD 7000 laser equipment, so perhaps future captures of mineralized tissue should be performed 
using this LCM machine or a laser with a similar scope. 
 
 
Figure. 57. Osteoblasts could also be captured from perichondral bone using a laser with a higher scope. Chick 
HH36 humerus. There is a spatial distribution between mature chondrocytes (MAT) and perichondral bone (Pb). If a 
laser with a higher power that allows cutting through the bone is used, osteoblasts (OST) could be captured from 
perichondral bone and cross-contamination with MAT could be avoided. Capturing OST from perichondral bone 
would also facilitate comparisons of OST derived from different embryonic origins (i.e. mesoderm vs neural crest). 
 
An important limitation of this study is that both biological and technical factors might 
impact the results.  For instance, there are still many bioinformatic challenges to overcome regarding 





mouse genome sequence is available, but annotation problems were experienced with chick and gar 
genomes, making it difficult to perform some evolutionary comparisons. Thus, data from multiple 
species needed to be converted to the most well annotated species (i.e. mouse genome). To do this, 
reads obtained from RNA-seq were aligned to their own species’ genome, and then genes in chick 
and gar were translated to mouse gene names based on sequence similarity data. However during 
this conversion there could be a loss of genes which can make species comparison difficult because 
many putative genes may not have an actual ortholog or it is not annotated correctly. Another 
common issue when dealing with multiple species is that since they are not sequenced at the exact 
same time and it can be challenging to know whether the effect of a group/sample is due to technical 
factors when processing biological samples (i.e. RNA extraction, amplification, library preparation, 
etc.) or technical factors due to RNA-seq. Since many normalization procedures are used during 
data analysis and each of these have limitations, the amount of expression data retained can be 
impacted.  
There were also some technical challenges in the techniques used to isolate and amplify 
RNA. The samples submitted for RNA-seq were flash frozen unfixed tissues, thus, the RNA 
extracted from these tissues can be highly compromised if laser-capture microdissection is not 
performed within a 30 min interval. Another technical issue was that for some samples one round 
amplification was enough to obtain the desired RNA concentration, but for other samples two rounds 
amplification were needed. Specifically, for gar two rounds of amplification were required to get 
enough concentration, whereas for mouse and chick samples only one round amplification was 
needed.  The MessageAmp kit protocol suggests to include an extra round of amplification in order 
to increase mRNA concentration, and it has also been performed by others (Choesmel et al. 2004), 
but since the product of the first round amplification is used as a template for the second round it 
was concerning that the extra round amplification could potentially add bias to the mRNAs 
amplified. However in a previous study Feldman et al. demonstrated that the fidelity in microarrays 
was preserved using one or two rounds of amplification, and they concluded that the quality of the 
data was even improved after two rounds of mRNA amplification (Feldman et al. 2002).  
Importantly, comparison between the same chick OST samples with one vs two round amplification 
from our data showed that adding an additional round of amplification does not affect the data and 
the results are comparable to those obtained with only a first-round amplification (Fig. 58), but this 







Figure 58. Principal component analysis demonstrate that all chick OST samples amplified with one or two 
rounds are clustered together and are very consistent. Chick OST samples amplified once (1R) are highlighted in 
light green, whereas OST samples amplified with 2 rounds (2R) are highlighted in dark green. Chick IMM samples are 
highlighted in red, and MAT are highlighted in blue. Both chick IMM and MAT were only amplified once (PCA Credit: 
Katie Ovens). 
 
An important biological issue was the high variation between replicates. The epiphyseal 
growth plate contains cells in different stages of differentiation (Lui et al. 2014). Particularly in 
chick, the chondrocyte columns were disorganized since cells in different stages of differentiation 
were located next to each other in the distinct zones (Leach Jr and Gay 1987; Pines and Hurwitz 
1991; see chapter 4, Figs. 27&28). Due to the lack of organization of chondrocyte columns within 
the avian growth plate it is likely that more variation was introduced when capturing chondrocytes. 
To isolate more homogeneous populations of cells, pre-hypertrophic and hypertrophic chondrocytes 
could be treated separately. For example, in all species the mature cartilage region was delimited to 
perichondral bone, since there is a spatial relationship between these two tissues (see Fig. 57).  
Captured MAT included some pre-hypertrophic and hypertrophic chondrocytes, but in chick the 
pre-hypertrophic region extended closer to the epiphyses of the bones, so some important maturation 
genes such as IHH that were expressed highly in this region that was not captured were lost during 





heterogeneity. C57BL/6J mice are an inbred strain raised in a controlled laboratory environment 
which shows little phenotypic variation. On the other hand, White Leghorn chickens were raised in 
farms and showed higher phenotypic variation compared to mice, since 20-22 hens are housed with 
2 roosters (which are from the same hatch). In poultry genetics, a male parent line and a female 
parent line are used to produce commercial laying hens (Bell and WeaverJr 2002), and the male 
chicks of this commercial generation are generally discarded since they have no use in a commercial 
setting. The male chicks used in the present study, however, were not discarded, and instead they 
were crossed with Lohmann Selected Leghorn (LSL-Lite) hens, so white leghorn males used in this 
study did not longer have the same genetics as those used in commercial production. In contrast to 
mouse and chick breeding strategies, for gar there was no control of gene pool since they were 
caught from the wild and fertilized in vitro. Thus, this species is expected to show even more genetic 
heterogeneity compared to mouse or chick which may result in more variation between biological 
replicates. 
Although, the overall chondrogenesis and osteogenesis pattern is conserved, the timing of 
ossification events can vary from species to species. Skeletal heterochronies, which are defined as a 
difference in the timing of skeletal development (McNamara 2012), were observed when comparing 
species at apparently similar stages of skeletal development. For example, mouse, chick, and gar 
epiphyseal growth plates are histologically similar, but terminal chondrocyte differentiation seems 
to occur at different rates. Our results in chick show that terminal differentiation of chondrocytes 
occurs at a faster rate compared to mouse characterized by a reduction in COL10A1 expression in 
hypertrophic chondrocytes (Fig. 44G). A down-regulation in Col10a1 expression in terminally 
differentiated chondrocytes has been shown in mouse and chick (Provot et al. 2006; Yang et al. 
2014), but studies in gar show that expression of Col10a1 is still high at later stages of chondrocyte 
maturation (i.e. 28dpf; Eames et al. 2012).  Furthermore, while in tetrapods cartilage hypertrophy 
and perichondral bone mineralization occur simultaneously (see chapter 3, Fig. 9; see chapter 4, Fig. 
27&28), in gar, these processes do not seem to occur at the same time (Fig. 45). The results presented 
here showed that in gar there is a relatively late perichondral ossification in the ceratohyal which 
was confirmed by a lack of alizarin red staining in this element, so perhaps gar was not at an 
equivalent developmental stage compared to mouse and chick. Indeed, gene expression in gar MAT 
showed important differences when compared to tetrapods. In contrast to mouse and chick, gar MAT 





ontology analysis showed that most of these downregulated genes in MAT, and upregulated in IMM 
and OST, are involved mainly in cell cycle processes and chondrocyte proliferation. IMM isolated 
from all three species included both proliferative and resting chondrocytes, but in gar and chick 
IMM data were mostly obtained from  proliferative zones at epiphysis (see chapter 4, Fig. 27F,G 
and Fig. 28E,F; see chapter 6, Fig. 45F,G), while mouse IMM was mostly obtained from resting 
zones between diaphysis and epiphysis (see chapter 3, Fig. 9G,H). This could partially explain the 
difference in gene expression observed in gar MAT (i.e. more downregulated genes compared to 
IMM and OST), but chick chondrocytes isolated from the exact same zones in the growth plate did 
not follow this pattern of expression in MAT. Classic MAT and OST markers such as, Mmp13, 
Spp1, Satb2, Mmp9, Mmp13, Pthlh, and Sparc were highly expressed in both cell types in mouse 
and chick, but these genes showed little to no expression in gar MAT. These results further support 
that gar was at a relatively younger stage than chick and mouse MAT. Indeed, histological analysis 
in gar ceratohyal revealed that chondrocyte hypertrophy was not so evident in the 13dpf ceratohyal 
(Fig. 45D). However expression of the hallmark mature chondrocyte gene col10a1 was already high 
in the 13dpf ceratohyal and the expression domain was already expanding towards the epiphyses 
(Fig. 46C). In situ hybridization in the X.tropicalis NF57 humerus revealed that col10a1 is not 
expressed in MAT (credit: Jason Nguyen, data not shown), even when this tissue is overtly 
hypertrophic (see Appendix I, Fig. 61E,I). This lack of expression of col10a1 in X.tropicalis MAT 
is also consistent with RNAseq data obtained from the NF57 humerus (Credit: Jason Nguyen, data 
not shown). These results in gar and Xenopus suggest col10a1 is not a hypertrophy marker, at least 
in some species, and should not be considered alone to identify MAT, since there are other factors 
potentially driving cartilage hypertrophy. The mechanisms driving chondrocyte hypertrophy need 
to be further explored, but previous studies suggest that an increase in volume due to fluid 
accumulation and Insulin growth factor (IGF) signaling are major triggers of hypertrophy  (see 
chapter 6 discussion for more details; Buckwalter et al. 1986; Farnum et al. 2002; Cooper et al. 2013; 
Wang et al. 1999;  Murray et al. 2013; Uchimura et al. 2017).  Since only one particular study has 
analyzed skeletogenesis in gar (Eames et al. 2012), a more detailed histological and molecular study 
analyzing expression patterns of Igf1 and Igf2 as well as, classic MAT and OST genes at different 
developmental stages during cartilage maturation in gar would provide more insight into how 





Finally, some regulatory interactions of the GRNs presented here were validated using 
published molecular genetic experiments and cis-regulatory analyses, but different biological and 
technical parameters were employed in each of these published experiments so in vivo functional 
studies must be performed to validate and expand this initial GRN. For instance, mis-expression of 
Sox9 and Runx2 orthologs in chondrogenic and osteoblastic murine cell lines, such as ATDC5 and 
MC3T3-E1, coupled with integrative epigenome analysis (i.e. ChIP-seq and ATAC-seq; Robertson 
et al. 2007; Buenrostro et al. 2015) could be performed in order to validate if the function and 
regulatory targets of these transcription factors are conserved during skeletal differentiation across 
animal clades. Moreover, cis-regulatory changes in enhancers of Sox9 and Runx2 targets and 
mechanism of regulation of these transcription factors should also be analyzed across vertebrate 
clades since major evolutionary changes occur when regulatory DNA sequences or regulatory 
function of crucial transcription factors are modified (Indjeian et al. 2016; Yamashita et al. 2019). 
For example, an evolutionary change in transcriptional regulation between mouse and chick occur 
during heart development. Nkx2.5 autoregulation is important for cardiac differentiation in both 
mouse and chick, but the mechanism of autoregulation is different for each species (Clark et al. 
2013). In mouse, Nkx2.5 first binds to Mef2c and then both genes bind Nkx2.5 enhancer, whereas in 
chick Nlx2.5 binds directly to its enhancer to maintain its own expression (Clark et al. 2013). Similar 
changes in the regulatory function of Sox9 and Runx2 might occur during cartilage and bone 
differentiation across vertebrate clades, and these changes could ultimately modify the underlying 
GRN.  
To further examine GRN conservation across animal clades, transgenic approaches can be 
performed to test whether hallmark chondrocyte and osteoblast transcription factors, such as 
Sox9/Runx2, as well as novel transcription factors identified by RNA-seq enriched in skeletal cells 
of one species can bind and activate the expression of genes in skeletal cells of other species. For 
example, previous work has provided evidence that the GRN driving chondrogenesis might be 
conserved in vertebrates and invertebrates, since SoxE from a hard-shell invertebrate was able to 
activate the expression of the human COL2A1, revealing deep conservation in the chondrocyte GRN  
(Tarazona et al. 2016).  In summary, comparative transcriptomics coupled with cis-regulatory 
analysis, as well as gain- and loss-of-function studies in skeletal cells of distinct species will 
contribute in expanding and verifying connections in this initial GRN, and will increase our 
















Histological characterization of frog skeletal tissues 























Skeletogenesis in Xenopus tropicalis might occur in a similar manner compared to other 
tetrapods, such as mouse and chick, but only a few studies have analyzed skeletal development in 
this anuran (Miura et al. 2008; Espinoza et al. 2010; Enault et al. 2015). Despite the lack of studies, 
previous work suggests that skeletal development in X. tropicalis exhibits some unique features 
(Miura et al. 2008). For instance, the frog limb skeleton undergoes endochondral ossification, but 
this process is characterized by poor growth plates that contain some hypertrophic chondrocytes 
close to the marrow cavity that are not very enlarged and rarely mineralize their matrix, as well as 
little trabecular bone (Miura et al. 2008). These differences in Xenopus skeletal development can be 
in part to the fact that this species undergo metamorphosis, which involves a dramatic change in 
shape and size, and it is under hormonal control (Fig. 59; Buchholz 2015).   
Likewise in mammals and birds, in Xenopus, sox9 and runx2, are involved in chondrogenesis 
and osteogenesis, respectively (Miura et al. 2008).  However one key difference between Xenopus 
and other animals is that expression runx2 in mature chondrocytes of this amphibian is weak, 
whereas expression of this transcription factor is high in mature chondrocytes of mouse and chick 
(Miura et al. 2008). Furthermore, expression of runx2 in Xenopus is required during cartilage 
differentiation of the hyobranchial skeleton, so this transcription factor does not have an exclusive 
function in cartilage hypetrophy and bone differentiation in the frog as in amniote tetrapods (Kerney 
et al. 2007). 
Since little is known about the skeletogenic process in X. tropicalis, and most of the work in 
Xenopus has been done in X. laevis, we aimed to study skeletal development in this extant anuran. 
In order to gain insight into the development of X.tropicalis skeletal tissues and identify the exact 
timing of events of cartilage differentiation, hypertrophy and bone mineralization, tadpoles from 
Nieuwkoop and Faber stage NF41 to NF66 were collected. We hypothesize that cartilage and bone 
differentiation in Xenopus tropicalis is conserved compared to other tetrapods.  To test this 
hypothesis, we have employed several molecular and histological techniques during the past few 





we started the X. tropicalis project. I taught her sample collection procedures, histological techniques 
(whole mount and section histology), cryosectioning and helped her setting up the crossing system. 
Then, I had the fortune to supervise and train Jason Nguyen during his Masters project, who greatly 
improved the crossing system that we had previously established. He performed laser capture 
microdissection in X.tropicalis skeletal tissues.  His samples have been already submitted for RNA-




Figure 59. Metamorphosis in X.tropicalis tadpoles. A) Premetamorphosis in a NF42 tadpole. (B) Prometamorphosis 





During pre-priming, Xenopus tropicalis males and females were injected with 10 units (0.1 
mL 100U/mL) of human chorionic gonadotropin (hCG) approximately 20 hours before priming. 
Next day, both males and females were primed by injecting 200 units (0.2 mL 1000U/mL) of hCG. 
After injections, each pair of males and females were placed in plastic containers filled with water 
obtained from the frog tanks, which were kept in a water bath at a constant temperature of 26-27ºC 





60B). Adult frogs were then transferred back into the tanks, leaving the eggs in the mating plastic 
containers with fresh water obtained from the frog tanks. Embryos hatched within 24 hours of 
amplexus. The hatched tadpoles were then transferred to Modified Barth’s saline (1X MBS; stock 
solution 10X MBS, 880 mM NaCl, 10 mM KCl, 10 mM MgSO4, and 25 mM NaHCO3). 
Developmental stages of X. tropicalis were determined based on Nieuwkoop and Faber staging 
system for X. laevis (Nieuwkoop and Faber 1956). Once tadpoles had reached NF 41, they were 
transferred into a tadpole nursery system with recycling water and a constant temperature of 26ºC 
(Fig. 60C,D). Tadpoles were initially fed with Sera Micron growth food, and then at around 14 days 
of age they were fed with HBH Pisces Pros Frog and Tadpole Bites to provide extra nutrients for 
growth. Tanks were cleaned twice a day to avoid yeast and bacteria growth. To monitor growth and 
stage of development, tadpoles were placed in a dish containing 0.02% tricaine under a dissecting 
microscope. Once they had reached the desired stage, tadpoles were euthanized using 0.2% tricaine 
and immediately transferred to 4% PFA. They were kept overnight at 4ºC in this solution in a rocker. 




Figure 60. Xenopus tropicalis mating and nursery system. (A) Frogs were crossed by natural mating and underwent 
amplexus for 5-6 hours. (B) Eggs were laid within a few hours after the beginning of amplexus. (C) Nursery system 
tanks with water recirculation and a constant temperature of 26ºC were placed, and tadpoles were transferred at stage 





III. RESULTS  
 
The skeletogenic process in X. tropicalis exhibits some conserved features compared to other 
animals, but some important differences were also noted. During endochondral ossification in the 
humerus, chondrocytes proliferate, undergo maturation, and then perichondral bone is formed in the 
mid-diaphyseal region (Fig. 61A,D,E,H,I). Alcian blue was evident at stage NF55 (and earlier 
timepoints), but Alizarin red was not obvious until stage 57, where perichondral bone was evident 
and early mineralization in the jaw (Fig. 61A,B,D). In contrast, endochondral ossification in the 
ceratohyal did exhibit some important differences compared to other animals. At NF57 the 
ceratohyal is already overtly hypertrophic, but it did not show evidence of mineralization (Fig. 61C, 
Fig. 62A). Subsequent staining of later stages confirmed that the ceratohyal in X. tropicalis remains 
cartilaginous (Fig 62B). Safranin O and Trichrome staining were perfomed in both frozen and 
paraffin tissue sections of the humerus, ceratohyal and dentary/ angulosplenial in order to identify 
immature chondrocytes, mature chondrocytes, and osteoblasts (Fig. 61E,G-I). While Safranin O 
staining revealed mature chondrocytes at NF57 in the humerus and ceratohyal (Fig. 61E,H), 
trichrome staining revealed the presence of bone in the lower jaw (Fig. 61F), as well as perichondral 
bone in the humerus (data not shown).  
Stage NF57 was selected to perform laser capture microdissection (LCM) due to the presence 
of immature chondrocytes and mature chondrocytes (surrounded by perichondral bone) in the 
humerus (Fig. 61). Jason Nguyen collected RNA from three samples for each cell type, and then 
they were submitted for RNA-seq. We are currently working on analyzing these data to make an 
evolutionary comparison with mouse, chick, and gar in order to provide more insight into the 
evolution of the osteoblast, a vertebrate innovation. In the future, we also plan to collect cells from 
the ceratohyal and submit RNA for sequencing, but in this case, it will be impossible to collect 
immature and mature chondrocytes from the same stage (NF57) as the humerus and angulosplenial. 
Unlike the humerus, in Xenopus ceratohyal, chondrocytes mature rapidly and early.  By NF57 the 
ceratohyal is overtly hypertrophic, making it impossible to collect immature chondrocytes. Jason 
performed extensive histological and molecular analysis of earlier timepoints and concluded that 









Figure 61. Characterization of X.tropicalis skeletal elements at stage NF57. (A-D) Whole-mount Alcian blue and 
Alizarin red staining identified cartilage and perichondral bone in endochondral bones of the frog forelimb, and 
intramembranous bone in the mandible. (E) Safranin O-stained section of NF57 humerus highlighted the mature 
cartilage region and mature cartilage of the ceratohyal (yellow dotted outline). (F) Trichrome-stained section of NF57 
mandible showed Aniline blue staining of bone matrix (OST) in the dentary/angulosplenial, separated from Meckel’s 
cartilage (Mk). High-magnification images of immature (H) and mature chondrocytes (I) of the humerus, and mature 
cartilage (J) of the ceratohyal. Abbreviations: IMM, immature chondrocytes; MAT, mature chondrocytes; OST, 
osteoblasts; Mk, Meckel’s cartilage; Pb, perichondral bone; h, humerus; s, scapula; r, radius; u, ulna; ch, ceratohyal 

















Figure 62. In X.tropicalis, adult ceratohyal emerges from the resorption of the tadpole ceratohyal. (A) Ceratohyal 
at stage NF48 shows no evidence of mineralization. (B) At the end of metamorphosis (NF66) the ceratohyal undergoes 
a drastic change in shape and size, emerging from deep within the tadpole ceratohyal. Abbreviations: Ch, ceratohyal; 








Amphibians provide great insight into the skeletogenic process since they transitioned from 
water to land, thus, they were probably the first tetrapods that existed (Miura et al. 2008). By 
comparing X.tropicalis with other tetrapods, such as mouse and chick, key events during cartilage 
and bone formation were largely similar, as reported by others (Hall 2005).  Chondrocytes 
proliferated, and cells in the diaphysis became hypertrophic. In the humerus, perichondral bone was 
evident around the same time as hypertrophy, and vascular invasion occurred later. Furthermore, 
endochondral ossification in the humerus of mouse, chick, and frog began in the diaphysis and 
extended to the epiphysis. However when comparing X.tropicalis ceratohyal to 
ceratohyal/ceratobranchial of gar and chick, a few differences were noted. Unlike chick and gar, 
X.tropicalis ceratohyal never ossifies, but hypertrophy in this element occurs in earlier 
developmental stages in the frog (around NF42) compared to equivalent stages in chick and gar. 
Similar to mouse and chick, the master regulators sox9 and runx2, have important roles during 
cartilage and bone differentiation in Xenopus, but the mechanisms of regulation of these 
transcription factors and many other molecules known to be involved in skeletal differentiation in 
anurans are still unclear. High-throughput sequencing technologies, such as RNAseq can be used to 
identify skeletal cell transcriptomes in anurans, in order to reveal conserved and novel genes that 
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Along with neural crest, the skeletal tissues of cartilage and bone were considered defining features 
(synapomorphies) of vertebrates.  Therefore, the appearance of these skeletal tissues during 
evolution often was conflated with the appearance of neural crest in the ancestor to all vertebrates.  
Evidence from the past few decades, however has demonstrated conclusively that cartilage (and a 
related tissue, the notochord) evolved prior to neural crest, whereas bone probably evolved after 
neural crest.  In this chapter, we use the fossil record, comparative anatomy, and molecular genetics 
to summarize current understanding of how skeletal cells (and their underlying gene regulatory 
networks, or GRNs) evolved relative to the appearance of neural crest cells.  Neural crest cells likely 
co-opted a GRN for chondrocyte differentiation that was employed previously by other cell lineages 
in other deuterostomes and even, perhaps, protostomes.  Vertebrates merely modified this GRN in 
neural crest cells to produce multiple chondrocyte types.  The evolution of bone in vertebrates seems 
to be linked with the appearance of other mineralized skeletal tissues, such as enamel and dentin.  
Current data suggest that two very similar tissues (bone and dentin) appeared in a part of the skeleton 
that is derived from neural crest, in which case the underlying GRNs actually evolved within neural 
crest cells.  Comparative GRN analyses of skeletal tissues in various embryonic cell lineages of 
different taxonomic groups will illuminate how neural crest cells impacted the evolution of cartilage 









Our understanding of how skeletal tissues evolved relative to neural crest cells has changed 
a lot in the past few decades.  Before then, both cartilage and bone were considered synapomorphies, 
or defining features, of vertebrates (Gans and Northcutt 1983).  From a comparative anatomist’s 
point of view, the distribution of cartilage among extant vertebrates spanned “down” the 
phylogenetic tree from bony fish (osteichthyans) to cartilaginous fish (chondrichthyans) to even 
jawless fish (agnathan), while bone was observed only in osteichthyans (Fig. 54).  These 
observations led to a traditional phylogenetic model whereby cartilage evolved within the ancestors 
to all vertebrates, and bone appeared later in the ancestor to osteichthyans.  Discovery of a sufficient 
fossil record, however re-wrote the false story that bone evolved in the ancestral osteichthyans.  Not 
only did primitive chondrichthyans have abundant bone, but primitive agnathans did also (Janvier 
1996b; Coates et al. 1998; Coates et al. 2018).  Therefore, the revised model was that cartilage and 
bone evolved in the ancestral vertebrates.   
Embryologists recently added neural crest cells to the list of vertebrate synapomorphies.  These 
migratory cells were identified over 150 years ago (His 1868), but the demonstration of neural crest 
in extant agnathans in the past twenty years solidified the understanding that neural crest cells are a 
vertebrate synapomorphy (Horigome et al. 1999; McCauley and Bronner-Fraser 2003; Ota et al. 
2007).  The contributions of neural crest to skeletal tissues of the vertebrate head were demonstrated 
through cell labelling and transplant experiments (Noden 1988; Couly et al. 1992; Nikitina et al. 
2009).  Thus, it was tempting to speculate that cartilage and bone evolved along with the appearance 
of neural crest in the ancestral vertebrates, but recent data refute this hypothesis. 
In this chapter, we clarify the evolutionary relationship between the appearance of neural 
crest and the ability to form cartilage and bone.  Recent studies confirm that the ability to make 
cartilage (and a related tissue, the notochord) preceded the appearance of neural crest (Cole and Hall 
2004b; Rychel et al. 2006; Annona et al. 2015).  Neural crest might have increased the number of 
cartilage types in vertebrates.  Interestingly, the ability to make bone might have evolved slightly 
after the appearance of neural crest, if cladistics supports the notion that cyclostomes (such as 





earliest clades of agnathans (Janvier 1996b).  Since bone appears to have formed first in a region of 
the skeleton (exoskeleton) that was demonstrated recently to be derived from neural crest, neural 
crest might have played a key role in the evolution of bone (Gillis et al. 2017). 
Given that cartilage was recently confirmed to precede the appearance of neural crest, which, in 
turn, preceded bone during chordate evolution (Cole and Hall 2004b; Rychel et al. 2006; Annona et 
al. 2015), this chapter also presents likely molecular genetic scenarios by which neural crest co-
opted or otherwise evolved the ability to form skeletal tissues.  Gene regulatory networks (GRNs) 
are discrete sets of genes that interact with environmental cues to impart biological traits, such as 
the formation of cartilage and bone (Levine and Davidson 2005; Davidson and Levine 2008; Gomez-
Picos and Eames 2015).  Here, we argue that neural crest first co-opted a GRN that was used to 
make cartilage in other cell lineages in the ancestors to vertebrates, and then neural crest played a 
significant role in evolving various vertebrate-specific cartilage types through modifications to this 
ancestral cartilage GRN.  The appearance of a bone GRN within neural crest turns out to be more 
complicated to model with current data.  The fossil record suggests that bone evolved from dermal 
armor in primitive jawless vertebrates (Smith and Hall 1990b; Janvier 1996b).  Since there is little 
molecular genetic data to support this, however and the current fossil record might not be 
representative of all early mineralized tissues, we present three hypotheses for the evolution of a 
GRN underlying bone formation.   
In the first hypothesis, neural crest cells co-opted a mineralization GRN that was present in 
the last common ancestor of all deuterostomes.  In the latter two hypotheses, a GRN driving 
mineralization of skeletal tissues evolved within neural crest.  In the second hypothesis, the bone 
GRN was co-opted from a mineralization program underlying formation of related skeletal tissues, 
enamel and dentin, in the ancestor to non-cyclostome vertebrates.  All three of these tissues are 
vertebrate novelties.  While enamel is made by ectodermally-derived cells, both bone and dentin are 
generated from neural crest cells (Chai et al. 2000; Gillis et al. 2017), so GRN co-option between 
bone and dentin would not involve different germ layers.  In the third hypothesis, the first osteoblast 
co-opted a GRN that was used to mineralize cartilage in the ancestor to non-cyclostome vertebrates.  
Intelligent application of modern technologies that characterize GRN structure can be used to test 






II. The players in this evolutionary game: Cartilage, notochord, bone, and 
dentin/enamel 
 
One of the challenges in re-building the evolution of skeletogenesis in chordates is that most 
data on skeletal tissues derive from studies in mammals, who at times might represent a relatively 
recent vertebrate lineage’s adaptations to selective pressures on the skeleton.  However after 
summarizing these data, we provide some perspective to minimize this potential limitation for a 





Cartilage typically functions as a flexible structural support, and the molecules that comprise 
cartilage extracellular matrix (ECM) impart these roles.  Collagen type 2 (Col2) fibers are the most 
abundant protein in the ECM of cartilage, providing this tissue with the structural stability to 
withstand some tension while maintaining flexibility (Gray and Williams 1989; Aumailley and 
Gayraud 1998).  These loosely-wound Col2 fibers bind Aniline blue of Milligan’s Trichrome 
histological protocol, giving cartilage a light blue staining pattern (Eames et al. 2007).  Other 
collagens, such as Col9 and Col11, are also abundant in cartilage (Eames et al. 2003).  Sulfated 
proteoglycans (PGs) in the ECM lend cartilage the property of compressive resistance, due to the 
massive amounts of water absorbed by sulfated PGs (Gray and Williams 1989; Aumailley and 
Gayraud 1998).  In fact, the swelling of hydrated PGs accounts for the majority of the volume of 
cartilage ECM (Ham and Cormack 1987).  Sulfated PGs bind to Alcian blue and Safranin O, staining 
cartilage blue and red in these respective histological protocols (Eames et al. 2007).  The most 
abundant PG expressed in cartilage is Aggrecan (Acan), which is a chondroitin sulfate PG, due to 
the repeating disaccharide glucuronic acid and N-acetylgalactosamine extending from the Acan core 
protein (Watanabe et al. 1998).  Many other proteins present in cartilage ECM at lower levels, along 
with hyaluronic acid repeating disaccharide, supplement Col2 and sulfated PGs in providing 
cartilage with the mechanical properties that determine its function (Ham and Cormack 1987; 





Establishment and maintenance of cartilage ECM depends upon the action of transcription factors 
that regulate expression of genes encoding these molecules.  Sox9 is the main transcription factor 
driving cartilage formation.  Loss of Sox9 function abrogates cartilage differentiation, while gain of 
Sox9 function promotes ectopic cartilage(Bi et al. 1999a; Eames et al. 2004).  Other transcription 
factors, such as Sox5, Sox6, C/EBP’s, and FoxO’s, are involved in the expression of cartilage genes, 
but none of these has as central a role as Sox9 in chondrocyte differentiation (Smits et al. 2001b; 
Okuma et al. 2015; Kurakazu et al. 2019).  Sox9 binds to regulatory elements and promotes the 
expression of many genes that are highly expressed in cartilage, including Col2a1, Col9a1, Col11a2, 
and Acan (Ng et al. 1997; Bridgewater et al. 2003; Zhang et al. 2003; Hu et al. 2012).  A Sox9 gene 
regulatory network (GRN) likely dictates cartilage formation (Cole 2011; Gomez-Picos and Eames 
2015). 
The two previous paragraphs focus on hyaline cartilage, which in addition to fibrocartilage 
and elastic cartilage, are the three main cartilage types in mammals.  All cartilage types share the 
basic molecular features outlined for hyaline cartilage, but they have significant differences related 
to their specific functions.  Hyaline cartilage occurs predominantly in articulating surfaces of skeletal 
joints, absorbing compressive forces between the bones (Gray and Williams 1989; Naumann et al. 
2002).  Fibrocartilage has much more tensional resistance than hyaline cartilage, so the collagen 
fibers are increased, while the PGs are decreased (Ham and Cormack 1987; Naumann et al. 2002).  
In addition to an increase in fiber quantity, fibrocartilage contains large amounts of Col1, in addition 
to Col2 (Wachsmuth et al. 2006).  Fibrocartilage is found predominantly in the intervertebral discs 
of the spine and joint menisci (Gray and Williams 1989).  Some parts of the anatomy, such as the 
external ear, epiglottis, Eustachian tube, and nose, have elastic cartilage, in which abundant elastin 
fibers impart more flexibility to the Col2-positive tissue (Ham and Cormack 1987; Gray and 
Williams 1989; Naumann et al. 2002).  While the mammalian classification system recognizes these 
three cartilage types, many cartilage tissues exhibit intermediate characteristics among the three 
types.  Therefore, and this becomes very important when expanding an understanding of cartilage 
types beyond mammals, each skeletal tissue should be considered as merely one instance along a 
spectrum of possibilities. 
Even within the hyaline cartilage type, two versions commonly occur in mammals: immature 
and mature cartilage.  After secretion of the hyaline cartilage matrix described above, some 





a series of differentiation steps collectively termed maturation (de Crombrugghe et al. 2000; Eames 
et al. 2003b).  During cartilage maturation, many chondrocytes undergo hypertrophy and mineralize 
their matrix, forming mineralized cartilage.   During endochondral ossification, some mature 
chondrocytes also degrade their matrix and die whereas others can even trans-differentiate into 
osteoblasts as their ultimate fate (Hammond and Schulte-Merker 2009; Zhou et al. 2014; Park et al. 
2015).  By logic, hyaline cartilage that does not mature can be described as immature cartilage 
(Gomez-Picos and Eames 2015).  Many signals, including Hedgehog, Parathyroid hormone, FGF, 
BMP, and Wnt, regulate cartilage maturation, and mature chondrocytes are characterized by 
expression of such genes as Col10a1 and Indian hedgehog (Vortkamp et al. 1996b; St-Jacques et al. 
1999; Vortkamp 2001; Yoon and Lyons 2004; Mak et al. 2006).  A GRN under control of the 
transcription factor Runx2 (Cbfa1) likely drives cartilage maturation (Gomez-Picos and Eames 
2015).  Loss of Runx2 function abrogates cartilage maturation, and gain of Runx2 function promotes 
cartilage maturation (Enomoto et al. 2000; Ueta et al. 2001; Eames et al. 2004).  Mature and 
immature hyaline cartilage are not merely transient embryonic tissues; they occur in different zones 




The chordate notochord is a tissue with many similarities to cartilage, but also some 
interesting differences.  The notochord ECM includes Col2, Col9, and Acan (Stemple 2005).  At a 
cellular level, the notochord is formed by chordoblasts, which secrete the notochord ECM and 
undergo vacuole formation intracellularly; both of these features impart the mechanical properties 
of stiffness to the notochord.  Sequestration of some PGs in chordoblast vacuoles also might play a 
major role in notochord mechanical properties (Stemple 2005).  While Sox9 is required for cartilage 
formation, it appears to be dispensable for notochord formation, but is required for notochord 
maintenance (Bi et al. 1999a; Barrionuevo et al. 2006).  Many regulatory elements drive expression 
of genes in both notochord and cartilage, indicating that these tissues might rely upon similar GRNs 










Bone serves as a rigid structure also involved in mineral homeostasis, and molecules in bone 
ECM impart these features.  Similar to cartilage, bone ECM has abundant collagens and PGs, but 
bone has a much higher collagen-to-PG ratio (Ham and Cormack 1987).  Bone collagen fibers are 
largely Col1 fibers, which are tightly wound, giving bone a dark blue stain with Aniline blue in 
Trichrome histological protocols (Eames et al. 2007).  These fibers also provide tensile resistance 
that is characteristic of bone (Fyhrie and Christiansen 2015).  The rigidity of bone derives from 
abundant biomineral, hydroxyapatite, embedded within the ECM (Fyhrie and Christiansen 2015).  
Alizarin red, which binds to calcium deposits, is a common histological stain for bone.  The massive 
amount of mineral in bone also contributes to calcium and phosphorus homeostasis in the body 
(Oldknow et al. 2015). 
The formation and maintenance of bone ECM depends upon expression of genes encoding 
these molecules that are regulated by transcription factors in a bone GRN.  With interesting 
evolutionary implications (see below), Runx2, mentioned above as the main driver of cartilage 
maturation, is the main transcription factor involved in bone formation.  Loss of Runx2 function 
abrogates bone differentiation, and gain of Runx2 function promotes ectopic bone formation (Ducy 
et al. 1997; Komori et al. 1997; Otto et al. 1997; Eames et al. 2004).  Other transcription factors, 
such as Sp7 (Osterix), Msx1, Msx2, Twist1, and Twist2 influence the expression of bone genes, but 
none of these has as central role as Runx2 in osteoblast differentiation (Satokata and Maas 1994b; 
Dodig et al. 1999; Nakashima et al. 2002; Bialek et al. 2004).  Sp7 also is required for bone formation 
in mice, but the arrest in osteoblast differentiation in Sp7 null mice occurs downstream of Runx2, 
and Runx2 promotes Sp7 expression (Nakashima et al. 2002).  Also, as we discuss below, ancestral 
Sp7 function might not be required for bone formation.  Runx2 binds to regulatory elements and 
drives high levels of expression of many bone genes, such as Col1a1, Col1a2, Mgp, and Bglap 
(Ducy et al. 1997; Sato et al. 1998; Harada et al. 1999; Kern et al. 2001).  A Runx2 GRN might 











Dentin and enamel comprise the main skeletal tissues of mammalian teeth, where their hard 
ECM functions in mastication and predation.  Dentin shares far more features with bone than 
enamel, including an ECM with tightly-wound Col1 fibers for tensile strength and a high degree of 
mineralization by hydroxyapatite for rigidity (Ham and Cormack 1987).  Even non-collagenous 
proteins that are highly enriched in dentin ECM are expressed in bone, including Dentin 
sialophosphotein, Dentin matrix acidic phosphoprotein 1, and Matrix extracellular 
phosphoglycoprotein (Kawasaki et al. 2004).  Dentin is formed by mesenchymal cells, similar to 
bone, while enamel is secreted by overlying epithelial cells.  Similar to bone, fibers in dentin bind 
Aniline blue during Trichrome staining, and the high mineral content of dentin and enamel is 
reflected by Alizarin red staining.  Enamel does not contain large collagen fibers and has more 
tissue-specific ECM components than dentin with respect to bone (Kawasaki et al. 2004; Moradian-
Oldak 2012).  In addition to Amelogenin, for example, enamel contains Ameloblastin and Enamelin.   
Critical transcription factors regulating expression of the ECM molecules in dentin and 
enamel are currently unknown.  Several transcription factors affect formation of these tissues, such 
as Runx2, NF-kappaB, or Pax9, but none of these appear to abrogate dentin or enamel formation 
completely (D'Souza et al. 1999; Ohazama and Sharpe 2004; Bonczek et al. 2017).  Therefore, a 
transcription factor that dominates a GRN for odontoblast or ameloblast formation remains to be 
identified. 
 
IIE. Phylogenetic considerations for skeletal tissue types 
 
The dogma of discrete categories of skeletal tissue that has prevailed from classic studies of 
mammalian systems is misleading.  As more information accumulates on mouse skeletal tissues, 
examples of intermediate tissues abound.  Chondroid bone, for example, which forms in the roof of 
the mammalian skull, among other places, contains features intermediate between cartilage and 
bone, similar to, but distinct from, fibrocartilage (Beresford 1981).  While the field of mammalian 
skeletal biology has begun to appreciate this perspective in the past decade, it has been the accepted 
view for many decades for skeletal biologists that study non-mammalian species.  For example, 





almost 30 years ago (Benjamin 1990).  Extant agnathans produce at least two types of cartilage, 
mucocartilage and (cell-rich) hyaline cartilage, and no clear homolog of mucocartilage exists in 
other vertebrates (Cattell et al. 2011).  Considering the cases of chondroid bone and fibrocartilage, 
many tissues that are intermediate to “classic mammalian” cartilage and bone were described in 
teleosts (Benjamin 1989; Benjamin and Ralphs 1991; Benjamin et al. 1992).  These observations 
lead to an important perspective on skeletal tissue identity that informs our understanding of how 
these tissues evolved in the first place: Instead of discrete entities, skeletal tissues across phylogeny 
often serve as examples along a spectrum of possibilities among the archetypal cartilage, notochord, 
bone, dentin, and enamel. 
 
 
I. Location, location, location 
 
Two major factors impacting discussion of how cartilage, bone, and neural crest evolved are 
the location in the body where a tissue forms, and how these locations have evolved over time.  A 
major theme in this chapter is that, once the ability to make a tissue is encoded in the genome as a 
GRN, different populations of cells can co-opt expression of this GRN, adding another location in 
the body where this tissue forms.  For example, if cells in the tail evolved the ability to make muscle, 
then for muscle to appear in the head, head cells must simply co-opt expression of the muscle GRN 
that was employed by tail cells.  How could a different population of cells co-opt expression of an 
entire GRN?  It might not be as difficult as it seems, since GRNs typically have one to few 
transcription factors that operate near the top of the GRN hierarchy (Levine and Davidson 2005; 
Davidson and Levine 2008).  In this case, so co-option of a GRN might entail simply co-opting 
expression of one or two genes, and the downstream gene expression would follow (Halfon 2017).  
In the case of cartilage and bone, Sox9 and Runx2 are prime candidates to sit at the top of their GRN 
hierarchies, respectively (Gomez-Picos and Eames 2015).   
What evidence exists to support the contention that changing expression of one or two 
transcription factors can change skeletal tissue location?  In threespine stickleback fish, the pelvic 
fin skeleton of freshwater populations is reduced dramatically, compared to oceanic populations 
(Peichel et al. 2001).  Genetic analyses suggested that non-coding polymorphisms in enhancers near 





(Thompson et al. 2018).  Also, comparison of candidate gene expression across homologous cell 
types in different regions of the body demonstrate few differences.  For example, immature cartilage, 
mature cartilage, and bone express a core set of genes, including distinct Sox9 and Runx2 patterns, 
in the limb and in the head (Eames and Helms 2004).  Since skeletal tissues occurred in the head of 
vertebrates before paired appendages evolved (Janvier 1996b), these data support the idea that limb 
mesenchyme co-opted a GRN dictating skeletal tissue differentiation in head mesenchyme.  Other 
transcription factors, such as those in Hox, Dlx, Pax, and Nkx families, have been proposed as major 
players in skeletal tissue formation, but this influence is only region-specific, suggesting that these 
factors are more involved in patterning than differentiation per se.  For example, Dlx5 and Nkx3.2 
are referred to commonly as important transcription factors for bone and cartilage differentiation 
(Ferrari and Kosher 2002; Tadic et al. 2002; Zeng et al. 2002).  However neither Dlx5 nor Nkx3.2 
loss of function mutations abrogate bone or cartilage throughout the body, which rules these 
transcription factors out as major players in skeletal cell GRNs. On the other hand, evolution of 
regulatory elements of SoxE (ancestral to Sox9) might explain the appearance of cellular cartilage 
in the neural crest-derived vertebrate head (Jandzik et al. 2015). 
 
 
II. Skeletal tissues from extant animals and fossil record before the emergence of NCCs 
 
IVA. Invertebrate Cartilage 
 
Cartilage is known from several lineages of bilaterian metazoans (Fig. 63). Generally, two 
cartilage categories with unclear mutual relationships are distinguished: 1) acellular cartilage, and 
2) cellular cartilage.  Acellular cartilage can be found in the pharynx of two deuterostome groups, 
hemichordates and cephalochordates (Rychel et al. 2006). It consists of cartilaginous rods (gill bars) 
with ECM rich in fibrillar collagen, similar to vertebrate Col1 and Col2, and proteoglycans. In 
contrast to other invertebrate and vertebrate cartilages, the chondrocytes are not embedded in the 
ECM that they produce, but rather they surround it.  Acellular cartilage is presumed to be of 
endodermal origin in hemichordates, while all three germ layers (endoderm, ectoderm, and 






Cellular cartilage occurs in six somewhat distantly-related metazoan clades (Person and 
Philpott 1969; Cole and Hall 2004b).  Cellular cartilage can be either cell-rich or matrix-rich 
depending on relative abundance of chondrocytes versus ECM (Benjamin 1990). Cellular cartilages 
of metazoans without NCCs are likely of mesodermal or, less often, putatively endodermal origin. 
Among protostomes, cellular cartilage occurs in chelicerates (arthropod ecdysozoans), sabellid 
polychaetes (annelid lophotrochozoans), gastropods, and cephalopods (latter two being mollusc 
lophotrochozoans). Among chordate deuterostomes, cellular cartilage can be found in two clades, 
cephalochordates and vertebrates (vertebrate cartilages are detailed in the next section of this 
chapter). Besides the acellular cartilage of pharyngeal bars, the cephalochordate amphioxus has been 
reported to have a cartilaginous skeleton supporting oral cirri (tentacles) that protect the mouth of 
this sand-burrowing chordate (Jandzik et al. 2015). This cellular cartilage is cell-rich, with 
chondrocytes organized in a stack-of-coins configuration, and contains collagen and proteoglycans 
(as suggested by Alcian blue staining).  
The cellular cartilages of three protostome groups are not uniform, rather showing 
considerable variation, even within a single taxon. For example, the horseshoe crab (Limulus 
polyphemus), a representative of chelicerate arthropods, has four different types of cartilaginous 
structures: endosternite, opistosomatic endplates, branchial cartilages, and chilarial cartilages (Cole 
and Hall 2004b). The endosternite cartilage is dominated by extracellular matrix, with scattered 
small spherical or irregularly shaped chondrocytes interconnected via plasmatic processes. The 
ECM contains irregularly organized collagen fibers and is rich in acidic glycosaminoglycans, and 
generally resembles vertebrate fibrocartilage. The other cartilaginous structures of horseshoe crabs 
are cell-rich with vacuolated chondrocytes and minimal ECM that contains elastin, collagen, and 
mucopolysaccharides, specifically chondroitin-4-sulfate and chondroitin sulfate K (Cole and Hall 
2004b; Hall 2015).   
Cellular cartilage of at least 30 species and 18 genera of sabellid polychaetes, or feather 
duster worms, supports their branching feeding tentacles (Capa et al. 2011). The cartilaginous tissue 
is similar to non-endosternite cartilages of the horseshoe crab, being composed of large chondrocytes 
with vacuoles and scant vascularized ECM containing elastin and collagenous fibers and chondroitin 
sulfate mucopolysaccharides (Hall 2015). In distal parts of the tentacle, the cartilage could form 





Cephalopod cartilage is probably the best-known invertebrate cartilage. It can be found 
supporting or protecting various parts of squid, octopus, and cuttlefish bodies, being mostly 
associated with brain, eye, mantle, and dermis (Cole and Hall 2004b). Cephalopod cartilage 
resembles “typical” hyaline cartilage with sparsely distributed chondrocytes embedded in abundant 
ECM. The chondrocytes are connected by processes through canaliculi in matrix, however which is 
reminiscent of vertebrate osteocytes. Besides these cell-cell connections, the chondrocytes also form 
junctions with the ECM (Bairati et al. 1998). In contrast to most other known cartilages, cephalopod 
cartilage is commonly vascularized (Hall 2015). Besides elastin, the fibrillar part of cephalopod 
cartilage ECM contains several types of collagens, some resembling vertebrate Col1, Col2, and 
Col4, along with an additional type that appears to be cephalopod-specific (Hall 2015). The 
mucopolysaccharides in cephalopod cartilage ECM are surprisingly diverse, although their 
occurrence varies across cephalopod taxa. They include hyaluronan and various chondroitin sulfates, 
such as chondroitin-4-sulfate and chondroitin sulfate E (Hall 2015).  
Most gastropods have either odontophore or subradular cartilages that support their radulae, a 
rasping toothed organ (Guralnick and Smith 1999). Subradular cartilage is typical for some basal 
forms and might be homologous to the dorsal odontophore cartilage of more derived forms (Golding 
et al. 2009). The best-studied gastropod cartilage is odontophore cartilage of the sea snail, Busycon. 
It is composed of large vacuolated chondrocytes with very little ECM that is rich in collagen (Hall 
2015), thus morphologically very similar to the branchial cartilage of the horseshoe crab. The ECM 
does not contain chondroitin sulfate, but is instead composed of a chitin-like polyglucose sulfate. 
Interestingly, gastropod chondrocytes contain some amount of myoglobin, and cartilages of some 
other snails, aside from chondrocytes, are also formed by muscle cells (Person and Philpott 1969; 
Hall 2015). 
Besides acellular and cellular cartilages, some invertebrates, including brachiopods, 
polychaetes, and urochordates, have tissues with cartilage-like properties that vary in the structure 
and organization, or even presence, of chondrocytes. These tissues are usually collectively referred 
to as chondroid connective tissue. Simpler structure, phylogenetic distribution, and variable relative 
contents of cells, mucopolysaccharides, and fibers indicate that chondroid connective tissue is an 
ancient tissue type (Cole and Hall 2004b). 
The fossil record does not further expand the number of large bilaterian clades with cartilage. 





various chordate groups and are usually of strong evolutionary importance. Perhaps most notably, 
the stem chordate Haikouella demonstrates cartilage very similar in appearance to lamprey cartilage 
(Chen et al. 1999; Mallatt and Chen 2003). Other fossil examples include cephalochordates of the 
genus Cathaymyrus and stem vertebrates such as Myllokunmingia, Metaspriggina, and 
Haikouichthys (Morris and Caron 2014; Hall 2015).  Despite the fact that a mineralized endoskeleton 
can be found among protostomes, their cartilage is not known to be capable of mineralization in vivo 
(Hall 2015), which may explain why protostome cartilage has not been well-described in the fossil 





The notochord, or chorda dorsalis, is a defining structure of chordates, a deuterostome group 
comprising three main lineages: cephalochordates, tunicates, and vertebrates (vertebrate notochord 
is discussed in section VB; Fig. 63). It forms an axial hydrostatic skeleton against which longitudinal 
musculature contracts during bilateral, undulating movement typical of early chordate forms and 
their larvae (Annona et al. 2015). The main portion of the notochord is formed by vacuolated cells, 
called chordocytes, connected by desmosomes and surrounded by a thick acellular perinotochordal 
sheath (Hall 2015). Chordocytes are filled with liquid, and their pressure against the stiff sheath 
facilitates the mechanical function of the notochord.  The notochord persists throughout life in 
cephalochordates and appendicularian tunicates, but forms only transiently in the remaining tunicate 
lineages (ascidians and thaliaceans; Hall 2015). Ascidians and thaliaceans lose their notochord 
during regressive metamorphosis.  Embryonically, the notochord develops from chordamesoderm. 
This embryonic tissue is morphologically and molecularly distinct from the remaining mesoderm, 
and its origin in cephalochordates lies in the dorsal organizer that arises during gastrulation (Stemple 
2005). Aside from a mechanical role in chordates, the notochord also plays an important role as an 
embryonic signaling center, strongly affecting all three germ layers, most notably in initiating neural 
tube formation and axial patterning (Corallo et al. 2015; Hall 2015).  
There are some significant differences in notochord structure among chordates. Antero-
posteriorly, the notochord runs along almost the entire body in cephalochordates. In tunicates, the 





cephalochordates and tunicates are discoidal and stacked like coins. Unique to the cephalochordate 
notochord, chordocytes contain transverse myofilaments. These large vacuolated chordocytes are 
surrounded by a layer of thin epithelial cells. In tunicates, the perinotochordal sheath is relatively 
simple, formed by a basal (also called external) lamina, which is supplemented by two additional 
collagenous layers in cephalochordates. The notochord of late tunicate larvae, mainly its posterior 
portion, has a different structure with cells surrounding the lumen filled with liquid (Annona et al. 
2015).  
The notochord shares several characteristics with cartilage. It contains structural proteins and 
glycosaminoglycans typical for cartilage, such as Aggrecan, Chondromodulin-1, hyaluronic acid, 
chondroitin sulfate, and SPARC (Osteonectin), and the perinotochordal sheaths are predominantly 
formed by collagenous fibers composed of Col2 (Vasan 1987; Welsch et al. 1991; Stemple 2005; 
Hall 2015). Cells of the forming notochord express cartilage collagen genes and transcription factors 
Tbxt (Brachyury) and Sox9, which are also involved in cartilage development.  
 
 
III. Skeletal tissues from extant animals and fossil record after the emergence of NCCs 
 
VA. Cartilage  
 
Both vertebrates and invertebrates have cartilage (Fig. 63).  Consistent with a GRN 
expression co-option story, vertebrate head cartilage has most of the same molecular characteristics 
as invertebrate cartilage, but they are formed by a different embryonic population of cells.  Most 
head and pharyngeal cartilages in vertebrates are neural crest-derived, cellular cartilage (Couly et 
al. 1993). In fact, neural crest cells have contributed to the formation of many structurally distinct 
cartilages in different vertebrate clades from cyclostomes to jawed vertebrates. These cartilages 
display some variations in gene expression patterns, but the basic molecular machinery composed 
of SoxE and Runt (ancestor to Runx2) transcription factors, as well as collagenous and proteoglycan-
rich extracellular matrix is conserved among vertebrates (McCauley and Bronner-Fraser 2006; 
Zhang et al. 2006; Hecht et al. 2008; Cattell et al. 2011; Jandzik et al. 2015). Indeed, cyclostome 





Cyclostome cartilages are found in the head, fin rays, and dorso-anterior axial skeleton (Ota 
et al. 2011).  Cartilage types described in hagfish and lamprey include mucocartilage, soft cartilage, 
and hard cartilage (Zhang et al. 2006; Zhang et al. 2009; Cattell et al. 2011).  Mucocartilage is 
composed of elastin-like molecules and fibroblasts surrounded by a perichondrium (Wright and 
Youson 1982; Wright et al. 2001). Agnathan soft cartilage is composed of hypertrophic 
chondrocytes surrounded by a thin extracellular matrix (i.e., cell-rich), whereas hard cartilage 
contains smaller chondrocytes surrounded by abundant extracellular matrix (i.e., matrix-rich; 
(Zhang et al. 2009). A potentially lamprey-specific extracellular matrix protein, Lamprin, also can 
be found in many cartilages (Robson et al. 1993).  Although mineralized cartilage has been described 
in some specimens of extant lamprey of presumed older age and some agnathan fossils of unknown 
affinity to cyclostomes, such as Euphanerops longaevus and Palaeospondylus gunni, clear proof of 
mineralization in cyclostome cartilages has only come from in vitro experiments (Bardack and 
Zangerl 1968; Langille and Hall 1993b; Janvier and Arsenault 2002; Johanson et al. 2010; Hirasawa 
et al. 2016).   
A wealth of information is coming out recently about skeletal tissues in cartilaginous fish, 
or chondrichthyans.  Three main extant lineages of chondrichthyans include chimaera 
(holocephalans), sharks (selachians), and skates and rays (batoids; selachians and batoids compose 
elasmobranchs) (Daniel 1934).  Chondrichthyan skeletons are thought to be entirely cartilaginous, 
mostly composed of matrix-rich hyaline cartilage (Hall 2005a; Dean and Summers 2006; Eames et 
al. 2007). While most vertebrates have a limited amount of mineralized cartilage as adults, it serves 
as a major structure that provides support and acts as a mineral reservoir in cartilaginous fish (Daniel 
1934).  Most of the volume of cartilage in the chondrichthyan skeleton is unmineralized, but most 
cartilages typically contain a surface layer of mineralized blocks, called tesserae, surrounded by a 
fibrous perichondrium (Eames et al. 2007; Seidel et al. 2016). Tesserae are composed of two main 
components: the cap (more superficial) and body (more deep) zones (Kemp and Westrin 1979). The 
molecular components of chondrichthyan cartilage are only becoming known with recent work. The 
cap zone actually contains a bone-like tissue with abundant Col1 extracellular matrix (Seidel et al. 
2017). On the other hand, the body zone appears to be mineralized cartilage with an extracellular 
matrix rich in Col2 and Col10 (Seidel et al. 2017).  The mineralized centrum of the vertebrae appears 
like a mineralized fibrocartilage, whereas there is an odd bone-like tissue in the neural arches of the 





al. 2007; Enault et al. 2015; Criswell et al. 2017a). While sharks received much focus of previous 
research, within the past ten years, a number of groups has recently expanded considerably what is 
known about chondrichthyan skeletal tissues.  Tesseral features of rays are similar to sharks (Dean 
and Summers 2006; Seidel et al. 2016; Seidel et al. 2017).  Indeed, the exact same mineralized 
tissues (tesserae, centra, and neural arches), have been described in both shark and skate species, 
arguing that these skeletal features were present in the last common ancestor to elasmobranchs 
(Atake et al. 2019).  Almost no published data exists on holocephalan skeletal tissues, but many 
researchers are currently addressing this shortcoming. 
Many lineages of early-derived ray-finned bony fish (i.e., actinopterygians) have living 
members today, and their skeletal tissues, like that of chondrichthyans, could provide a glimpse into 
the variety of skeletal tissues that were present in stem vertebrates.  However this is also an area for 
future research, as there are limited publications on skeletal tissues in these species.  The publication 
of the longnose gar genome has helped push forward interest in this clade (Braasch et al. 2016).  Gar 
matrix-rich hyaline cartilage is abundant throughout the head and expresses genes typical of 
mammalian cartilage, including Col2a1, Col11a2, and Col10a1 (Eames et al. 2012).  These 
extremely limited published data illustrate the unexploited goldmine of molecular studies into the 
skeletal tissues of gar, sturgeon, paddlefish, bichir, and bowfin fishes. 
Teleost fish have a very rich diversity of cartilage types, perhaps due to the teleost-specific 
genome duplication that resulted in more cartilage differentiation genes, including the Sox family, 
although no current data support this speculation (Voldoire et al. 2017).  Many different cell-rich 
and matrix-rich cartilages occur in these fish (Benjamin 1989; Benjamin 1990; Benjamin and Ralphs 
1991; Benjamin et al. 1992), but very little is known about their molecular composition. Unlike cell-
rich cartilages, matrix-rich cartilages are composed of cells occupying less than 50% of total volume. 
So far, five types of cell-rich cartilage have been described in teleosts, based upon histology and 
some fiber type analyses: hyaline-cell rich cartilage, cell-rich hyaline cartilage, fibro/cell cartilage, 
elastin/cell-rich cartilage, and the cell-rich cartilage Schaffer’s Zellknorpel.  Hyaline-cell cartilage 
is composed of small chondrocytes and little extracellular matrix surrounding them. This cartilage 
sub-type is often present in lips and the head (Benjamin 1989). Distribution of all of these cartilage 
sub-types has only been described in the head, but all of these tissues likely occur throughout the 
body.  In contrast, cell-rich hyaline cartilage, which is often present in the neurocranium and gill 





(Benjamin 1989; Benjamin 1990). Fibro/cell cartilage is a non-hyaline type of cartilage composed 
of large cells surrounded by a matrix rich in collagen, which often forms articular tissues (Benjamin 
et al. 1992; Kapoor and Khanna 2004). Elastic/cell-rich cartilage matrix, another type of non-hyaline 
cartilage, is rich in elastin fibers surrounded by a thick perichondrium, and it is commonly found in 
the barbels (Benjamin 1990; Benjamin et al. 1992; Kapoor and Khanna 2004). The last type of cell-
rich cartilage in teleost fish is Schaffer’s Zellknorpel, which has a rigid structure and is composed 
of shrunken cells laying in lacunae (Benjamin 1989; Benjamin 1990). In addition to these five cell-
rich cartilages, a familiar three matrix-rich cartilages compose the teleost skeleton: matrix-rich 
hyaline cartilage, fibrocartilage, and elastic cartilage (see section IIA). Matrix-rich hyaline cartilage 
is found in the neurocranium and gill arches of many species and is structurally similar to hyaline 
cartilage in tetrapods, providing the main source of support and growth (Benjamin 1990).  Teleost 
fibrocartilage lacks a perichondrium, contains irregularly arranged cells, and can be found in the 
oro-mandibular region of teleosts (Benjamin and Evans 1990).  The matrix-rich elastic cartilage is 
composed mostly of elastin fibers. Most fibrocartilages and elastic cartilages, however are cell-rich 
in teleosts (Kapoor and Khanna 2004). In extant tetrapods, three types of matrix-rich cartilages 




Chordoid (notochord-like) tissue is present in all chordates (Fig. 63), and the vertebrate 
notochord shares most features with cephalochordates and tunicates described above (section IVB).  
Similar to tunicates, the notochord is a transient structure in most vertebrates (exceptions include 
cyclostomes and sturgeons; Hall 2005a).  In contrast to tunicates, in which the notochord does not 
extend past the hindbrain posteriorly, the vertebrate notochord does not extend past the hindbrain 
anteriorly (Annona et al. 2015). In various groups of vertebrates, the notochord may mineralize or 
be replaced by cartilage and/or bone, or some portions may become parts of intervertebral discs.  
Similar to cephalochordates, the embryonic origin of the notochord in vertebrates lies in the dorsal 
organizer that arises during gastrulation (Stemple 2005).  In contrast to the discoidal and stacked-
like-coins chordocytes of cephalochordates and tunicates, chordocytes of the vertebrate notochord 
do not show obvious stacking.  Similar to cephalochordates, the vertebrate notochord has multiple 





A major difference between vertebrate and invertebrate notochords is that the vertebrate 
notochord can mineralize.  A common feature of many vertebrates is the chordacentrum, which is a 
typically thin mineralization in the fibrous sheet of the notochord (Arratia et al. 2001).  Despite the 
widespread distribution of chordacentra among various vertebrate clades, they are not considered 
strictly homologous.  The centrum of tetrapods, for example, derives from migrating somitic 
mesoderm, the centrum of teleosts appears to derive from notochordal sheath cells directly, while 
the centrum of chondrichthyans is also somite-derived (Criswell et al. 2017b).  Phylogenetically, the 
distribution of various forms of the centrum around the notochord is patchy, further weakening an 
argument for strict homology.  Many genes involved in bone formation, such as runx2 and sp7, 
might regulate chordacentrum formation in teleosts (Renn and Winkler 2014).  However the fossil 
record and sparse phylogenetic distribution does not support the idea that the bone GRN was co-
opted from a centrum GRN.   
 
 
VC. Bone  
 
Only vertebrates make bone, but its exact anatomical location varies (Fig. 63).  Based upon 
fossils, bone is thought to have originated on the mesenchymal side of the basement membrane in 
the pharynx or epidermis, in tooth-like structures termed odontodes (Smith and Hall 1990b; 
Donoghue and Sansom 2002).  Odontodes have been argued to appear first in the fossil record in 
pharyngeal regions of agnathan conodonts (~515 Mya), while epidermal odontodes appear later as 
protective head shields in other agnathan clades, who likely had a soft cartilage endoskeleton.   
Perhaps the first experiment of NC making mineralized tissues, conodonts might represent the 
earliest form of craniate vertebrates, although more recent hypotheses place conodonts closer to 
gnathostomes phylogenetically (Sansom et al. 1992; Donoghue and Rucklin 2016).  The feeding 
apparatus in these fossil species are comparable with those present in vertebrates, and their soft 
tissues suggest a relationship to hagfish (Donoghue et al. 2000). Odontodes were composed of dentin 
and bone, thus becoming the first example of bone in the fossil record (Reif 1982; Smith and Hall 
1990b; Huysseune and Sire 1998).  The presence of bone in tooth-like structures of conodonts, 





fossil record is in the agnathan clade Pteraspidormorphi (~480 Mya), historically considered a 
superclass of the ostracoderm group (Janvier 1996b; Donoghue et al. 2006).   
Due to the association of odontodes with epithelia and the absence of adjacent cartilage, bone 
is argued to have formed first via intramembranous ossification, whereas endochondral ossification 
evolved later and gradually (Smith and Hall 1990b; Smith and Hall 1993; Janvier 1996b; Mundlos 
and Olsen 1997; Wagner and Aspenberg 2011).  In the endoskeleton, perichondral bone formation 
occurred first, perhaps using the same genetic programs used to produce the dermal skeleton, 
whereas cartilage degradation and endochondral bone deposition occurred later (Donoghue and 
Sansom 2002; Wagner and Aspenberg 2011).  While pteraspidomorphi were heavily armored by 
external odontodes, some fossils show both mineralized cartilage and perichondral bone in their 
endoskeleton, reflecting evolutionary progress leading to endochondral ossification (Janvier 1996b; 
Zhang et al. 2009).   
The location of bone in vertebrates evolved. Critically for understanding the role of NC 
during evolution of bone, extant and fossil Cyclostomata (i.e., lamprey and hagfish) never appeared 
to have mineralized cartilage or bone.  As outlined above, fossilized bone first appeared in 
exoskeletal head shields of the pteraspidomorphs, presumably formed by NC.  Current data suggest 
that perichondral bone later appeared in the braincase of ostracoderms, and then perichondral (and 
perhaps endochondral) bone appeared in the vertebrae of some placoderms (e.g. petalichthyids and 
arthodires) (Janvier 1996b; Trinajstic et al. 2015).  This would imply that after the evolution of NC, 
cephalic mesoderm and then somitic mesoderm acquired the ability to make bone.  Whether extant 
chondrichthyans generate bone is currently under investigation (Eames et al. 2007; Enault et al. 
2015; Atake et al. 2019), but fossil primitive chondrichthyans and especially their acanthodian 
ancestors had abundant perichondral and perhaps endochondral bone (Zangerl 1966; Coates et al. 
1998; Long et al. 2015). Together, these studies suggest that endochondral bone is not an 
osteichthyan synapomorphy. Whether all examples of endochondral bone in vertebrates are 
homologous is complicated by another possible scenario, in which early osteichthyan chondrocytes 
acquired the ability to trans-differentiate into osteoblasts in response to higher mechanical forces 
and to provide a new osteoblast reservoir (Cervantes-Diaz et al. 2017). 
Histologically, all examples of bone in vertebrates, whether it be dermal, perichondral, or 
endochondral, appears very similar, if not identical, when animal groups are inter-compared.  





some, but not all, of these histological features, making their designation as bone difficult. Molecular 




VD. Dentin/Enamel  
 
Dentin and enamel are vertebrate-specific tissues (Fig. 63).  Dentin and enamel/enameloid, 
together with bone, composed the primitive skeleton in early jawless vertebrates around 500 Mya 
(Gans and Northcutt 1983). Similar to bone, it is generally accepted that dentin and 
enamel/enameloid first appeared in odontodes of Ordovician agnathans as a protective shield (Smith 
and Hall 1990b; Janvier 1996b).  An alternative theory is that the earliest hard skeletal tissue was 
dentin, forming the most superficial dermal tissue, only later covered by a hypermineralized layer 
of enamel/enameloid. Conodonts (~515 Mya) potentially represent the earliest form of craniate 
vertebrates whose skeleton was composed of dentin- and enamel-like tissues (Sansom et al. 1992).  
Although neural crest-like cells likely existed prior to vertebrates (Hall and Gillis 2013b), it is still 
unknown whether conodonts possessed neural crest cells. After conodonts, heterostracans, an extinct 
group of pteraspidomorphs, show traces of dentin tubercles capped with enamel/enameloid in their 
exoskeleton (Janvier 1996b; Keating et al. 2015). Dentin and enamel/enameloid are present in 
placoid scales of living chondrichthyans, and in teeth of all other extant vertebrates, including 
sharks, mammals, teleosts, and reptiles (Kawasaki et al. 2004).  Enameloid in osteichthyans appears 
to serve the same function as mammalian enamel, but enameloid and enamel might actually be 
convergent tissues.  Enameloid appears to be deposited by mesenchymal, not epithelial, cells, and 
the major proteins in mammalian enamel have not been identified in osteichthyans (Kawasaki et al. 
2004).  These and other features argue that enameloid in fish and enamel in mammals are a result of 
convergent evolution (Kawasaki et al. 2004). Although experimental data in the trunk region of 
vertebrates are limited to one paper, dentin in teeth and dermal denticles are NC-derived (Chai et al. 
2000; Gillis et al. 2017).  Enamel is produced by ectodermal or pharyngeal epithelia, while 







Figure 63. Phylogenetic distribution of skeletal tissues in metazoans (A) and chordates (B). Names of the fossil 
clades are in red, clades with names in "" are likely paraphyletic, though traditionally recognized, fossil groups.  The 
term "enamel" is defined broadly here and includes enameloid as well as ganoine, while the term dentin includes both 
orthodentin and mesodentin.  Characters in extant lineages do not reflect occurrence in fossil members of those lineages.  
“?” represents a character with contradictory evidence in the literature.  The phylogenetic trees are based on (Dunn et 
al. 2014; Donoghue and Rucklin 2016; Irisarri et al. 2017; Whelan et al. 2017; Marletaz et al. 2019). The characters 
mapped on the phylogenetic trees are based on (Cole and Hall 2004b; Hall 2005a; Donoghue et al. 2006; Sire et al. 




VI. Evolution of GRN underlying cartilage 
 
 
VIA. Cellular cartilage evolved from an acellular cartilage GRN 
 
The cellular cartilage of vertebrates might have evolved by modifying a GRN that directed 
acellular cartilage formation (Fig. 64A). Similar features of agnathan and gnathostome cellular 
cartilage suggested that a cartilage GRN (presumably driven by SoxE, the ancestor to Sox9) is a 
vertebrate synapomorphy (Zhang et al. 2006; Ohtani et al. 2008b), but this concept has been revised 





cephalochordates, given their general resemblance and close phylogenetic distribution, in which 
case the tissue was subsequently lost in echinoderms, urochordates, and vertebrates (Hall and Gillis 
2013). Structures similar to acellular cartilaginous rods of hemichordates and cephalochordates were 
proposed in hypothetical stem vertebrates as antecedents of vertebrate cellular cartilage of the 
pharyngeal arches (Rychel and Swalla 2007). According to this hypothesis, NCCs that migrate to 
the pharynx might have gradually replaced the acellular cartilage by co-opting and modifying the 
SoxE GRN that presumably operated in the endodermal epithelia of ancestors to hemichordates and 
cephalochordates. To be clear, this would involve two steps (of uncertain order): 1) acquiring 
expression of the acellular cartilage SoxE GRN in NCCs; and 2) modifying that GRN to form 
cellular cartilage. Of course, the acellular cartilage GRN operating in ancestors to amphioxus might 
have acquired expression first in presumably cephalic mesoderm of larval forms of ancestors to 
amphioxus, then was modified to form cellular cartilage, and finally expression of this cellular 
cartilage GRN was co-opted by vertebrate NCCs (Jandzik et al. 2015).  However acellular cartilage 
might be less similar to vertebrate cartilage than other protostome cellular cartilages. Cellular 
cartilage appears in many disparate phylogenetic groups and presumably evolved independently at 
least three times (Hall and Gillis 2013b).  The striking similarities in morphology, function, 
development, and gene expression patterns, though, suggest the existence of underlying homologous 
mechanisms with deep metazoan origins (i.e. deep homology).  For example, the endosternite 
cartilage of horsheshoe crab and the funnel cartilage of cuttlefish share significant parts of the GRN 
driving hyaline cartilage in vertebrates (Tarazona et al. 2016).  Interestingly, the chondrocytes in 
some portions of the sabellid polychaete tentacles are arranged in a stack-of-coins fashion, 
reminiscent of cellular cartilage in pharyngeal arches of amphioxus, lamprey, and zebrafish (Kimmel 
et al. 1998; Cole and Hall 2004b; Cattell et al. 2011; Hall 2015; Jandzik et al. 2015). In summary, 
acellular cartilage exists in hemichordates, cephalochordates, and agnathans, while cellular cartilage 
is found in cephalochordates, vertebrates, and various protostomes.  Therefore, if vertebrate cellular 
cartilage evolved from an acellular cartilage GRN, then the independence of this event from the 









VIB. Cellular cartilage evolved from a notochord GRN 
 
Some fossils and other features of extant non-vertebrate chordates provide the basis for an 
evolutionary hypothesis that the GRN for cellular cartilage evolved from a notochord GRN (Fig. 
64B). Since the notochord is usually a diagnostic character of fossil chordates, it is present in all 
stem chordates in which cellular cartilage has been described, but importantly for this hypothesis, 
the notochord is apparent in samples with no identifiable cartilage (e.g. Pikaia; Morris and Caron 
2012). Of living animals, enteropneust hemichordates have a diverticulum of the gut called a 
stomochord, which has some functional and histologic similarities to the chordate notochord (Satoh 
et al. 2014). These animals only have acellular cartilage, so they might represent an evolutionary 
snapshot where a notochord GRN was being established prior to cellular cartilage. However the 
homology of the stomochord and notochord is questionable (Annona et al. 2015; Lowe et al. 2015; 
Minarik et al. 2017). The phylogenetically closest group of animals to vertebrates are urochordates, 
such as sea squirts, some of whose larval forms have a true notochord (Delsuc et al. 2006). However 
urochordates lack cartilage, and they are thought to be very derived, which led to them being 
designated as the sister taxon to vertebrates only relatively recently. The cephalochordate amphioxus 
has a notochord, but also contains both acellular and cellular cartilage, so no living animals represent 







Figure 64. Evolution of the GRN underlying cartilage.  A) Cellular cartilage evolved from acellular cartilage. NCCs 
acquired expression of the acellular cartilage SoxE/Collagen type II-based cartilage GRN, and subsequently modified 
that GRN to make cellular cartilage. Runx and Barx genes were later co-opted by these cells consolidating the cellular 
cartilage GRN (Cattell et al. 2011). B) Cartilage evolved from chordoid tissue. NCCs acquired expression of the 
notochord fibrillar collagen based GRN,  and was then modified to make cellular cartilage. Chordocytes have a single 
large vacuole and low amounts of glycosaminoglycan- rich ECM. While chondrocytes in amphioxus and lamprey are 
vacuolated, chondrocytes in vertebrates are avacuolated and have abundant ECM. However when vertebrate cartilage 
becomes hypertrophic and degenerates (under the influence of a Runx2 GRN), the ECM frequently becomes vacuolated. 
Cellular cartilage and notochord might share a common origin since they share the expression of several genes including 





Despite the lack of an animal phylogenetically positioned to directly support the hypothesis 
that the cellular cartilage GRN evolved from the notochord GRN, functional, structural, and 
molecular similarities supported the hypothesis that the notochord was a primitive type of cartilage. 
For example, chondrocytes secrete a highly hydrated ECM, which gives cartilage its structural 
properties, while chordocytes (notochord cells) retain liquid in their vacuoles (Stemple 2005).  
Regarding the vacuolar chordocyte, the mature chondrocyte also undergoes vacuolarization during 
hypertrophy, which under the evolutionary scenario of chordocyte to chondrocyte, suggests a rather 
parsimonious recovery of vacuoles, perhaps under Runx2 control (Fig. 64B).  In addition to 
molecular and developmental similarities between vertebrate and cephalochordate notochords, 
amphioxus has cellular cartilage that shares properties with vertebrate cellular cartilage. This 
evolutionary model proposes co-option of the developmental program of originally mesodermal 
cartilage of an amphioxus-like vertebrate ancestor into the developmental repertoire of the cranial 
NCCs of vertebrates (Jandzik et al. 2015). Stemple (2015) actually proposed the opposite 
relationship between the notochord and cartilage, arguing that the notochord co-opted cartilage 
properties.  Of course, the ‘cellular cartilage evolved from the notochord GRN’ hypothesis also 
would have to be reconciled with the appearance of cellular cartilage in various protostomes. 
 
 
VII. Evolution of GRN underlying bone 
 
How could bone have evolved within vertebrates, since there is no obvious antecedent tissue 
in cyclostomes or vertebrate sister groups?  Here, we explore three parsimonious explanations, 
which involve simple co-option by NCCs of a pre-existing GRN that directed formation of: 1) 
mineralized tissues in non-vertebrates; 2) dentin/enamel; or 3) mature cartilage.   In principle, option 
#1 could have preceded options #2 or 3. 
 
 
VIIA. Bone evolved from a deuterostome mineralization GRN 
 
The first hypothesis claims that a mineralization GRN operating in mesenchymal cells of non-





cyclostome agnathan vertebrates (Fig. 65A). However many issues complicate this scenario. First, 
outside of vertebrates within deuterostomes, only echinoderms have extensive mineralization of 
skeletal tissues, calling into question whether a mineralization GRN could be homologous among 
deuterostomes. Second, the form of mineral deposited in vertebrate skeletal tissues is mostly 
hydroxyapatite, which is a calcium phosphate crystal, while most mineral in non-vertebrate skeletal 
tissues is calcium carbonate-based (Wilt et al. 2003; Matsushiro and Miyashita 2004). Therefore, at 
least the portions of the mineralization GRN that drive biochemical synthesis of mineral would be 
different among echinoderms and vertebrates.  Finally, there are few clear orthologs among protein 
components of the mineralized matrix in echinoderms and vertebrates.  Matrix proteins in sea urchin 
teeth cross-reacted with antibodies to a variety of bone and tooth proteins in mammals (Veis et al. 
2002). However most of the proteins associated with spicules (mineralized structures) in sea urchin 
are in the spicule matrix (SM) of the mesenchyme-specific cell surface glycoprotein (MSP) gene 
family, which have no orthologs in vertebrates (Livingston et al. 2006). 
Despite these obstacles, proteins in the secretory calcium-binding phosphoprotein (SCPP) 
family provide an interesting story for the evolution of a mineralization GRN associated with bone 
formation.  SCPP proteins bind to Ca++ (when phosphorylated) and facilitate hydroxyapatite crystal 
nucleation or modulate its growth (Kawasaki et al. 2004).  The SCPP proteins Matrix gla protein 
(MGP) and Bone gamma-carboxyglutamate protein (BGLAP, previously referred to as Osteocalcin) 
are proposed to play important roles in vertebrate mineralization, although loss-of-function models 
indicate that they function as inhibitors (Ducy et al. 1996; Luo et al. 1997).  An SCPP protein, 
Secreted protein acidic and rich in cysteine (SPARC, previously called Osteonectin), is the most 
abundant non-collagenous protein in bone ECM (Termine et al. 1981).  As opposed to MGP and 
BGLAP, SPARC loss-of-function models have osteopenia (Delany et al. 2000), suggesting perhaps 
SPARC is actually a positive regulator of mineralization.  Regarding the significance to this 
hypothesis, SPARC is found in both protostomes and deuterostomes.  The family of SCPP proteins 
is thought to have originated from tandem duplication of SPARC-like 1 (SPARCL1) in the ancestor 
to osteichthyans following their divergence from chondrichthyans (Kawasaki et al. 2004).  
Interestingly, a group of putative mineralization (spicule)-associated genes in sea urchin also 
underwent tandem duplications (Livingston et al. 2006).  SPARC and a SPARCL were identified in 





2006).  Amphioxus express SPARC/SPARCL in skeletogenic cells, even though they don’t 
mineralize their tissues (Yong and Yu 2016). 
Perhaps a remaining hope for identifying conservation among vertebrate and non-vertebrate 
mineralization GRNs focusses on regulatory genes upstream of the biochemical and secreted 
components (Livingston et al. 2006).  Genes involved in sea urchin spicule differentiation include 
pmar1 (represses hairy), delta, ets, b-catenin/tcf, and cart1/alx3/alx4(alx1; Wilt et al. 2003).  
Orthologs of these genes are expressed in bone, and mutations in many of which lead to skeletal 
patterning/mineralization defects in mouse (Beverdam et al. 2001; Mavrogiannis et al. 2001; Itoh et 
al. 2012; Li et al. 2018; Shao et al. 2018). 
 
 
VIIB. Bone evolved from a dentin/enamel GRN 
 
Dentin, enamel, and bone are closely related tissues, so they may share evolutionary 
histories. For example, an ancestral GRN gave rise to one of these tissues first, and then (perhaps 
after genome duplication events) this ancestral GRN was modified, giving rise to other mineralized 
tissues (Fisher and Franz-Odendaal 2012). According to one scenario, dentin- and enamel-like 
tissues first originated around the basement membrane of odontodes, and subsequent spread of 
mineralization deeper into the dermis gave rise to bone (Donoghue et al. 2006). Both dentin and 
bone are formed by NCCs (presumably even in odontodes of primitive vertebrates), so these cells 
could have expanded the spatial domain of the dentin GRN expression (deeper in the mesenchyme) 
within an odontode and modified that GRN to produce bone. Many facts support the hypothesis that 
a bone GRN evolved by modifications to a dentin GRN (Fig. 65B). Dentin and bone share many 
features, including a histologically similar structure and a dense, Col1-enriched matrix that is heavy 
calcified by hydroxyapatite (Goldberg et al. 2011). Runx2 is essential for both osteoblast and 
odontoblast differentiation, regulating the expression of many bone and tooth related genes (Chen 
et al. 2005). In transgenic mice that manipulate Runx2 expression levels specifically in odontoblasts, 
which normally down-regulate Runx2 after early stages of differentiation, osteoblast-like cells 
embedded in a bone-like matrix were seen instead of normal odontoblasts (Miyazaki et al. 2008; 





osteoblast formation, these studies support feasibility of the hypothesis that one GRN evolved from 
the other.   
Apart from embryological and histological differences, the bone GRN also might have 
evolved from an enamel GRN. Enamel is formed by ectoderm-derived ameloblasts, which secrete 
the enamel-specific matrix proteins Ameloblastin, Enamelin, and Amelogenin (Sire et al. 2007). 
Therefore, the hypothesis that the bone GRN evolved from the enamel GRN requires that NCCs co-
opted expression of an enamel GRN operating in ectodermal cells and modified it to form bone. 
Runx2 is required for the proper differentiation and function of ameloblasts, and it is a key regulator 
of ameloblast-specific genes (Gaikwad et al. 2001; Chu et al. 2018). Tooth development in Runx2-
/- mice is arrested before odontoblast and ameloblast formation in the developing tooth, perhaps due 
to a role for Runx2 during enamel knot formation (D'Souza et al. 1999; Camilleri and McDonald 
2006).  In later stages of enamel mineralization, Runx2 regulates odontogenic ameloblast-associated 
protein (ODAM) expression and amelotin promoter activity (Lee et al. 2010; Liu et al. 2018). Runx2 
down-regulation might be involved in late stages of all mineralizing skeletal cells. Due to the number 
of enamel-specific proteins present in the enamel GRN, however the modifications required to 
transform it into the bone GRN presumably were more significant than the modifications required 
to transform the dentin GRN to one making bone (Fig. 65B).  
Whether bone evolved from dentin or enamel (or vice versa) is still debated, but the two hypothetical 
scenarios on the evolution of the osteoblast (i.e. bone evolved from either dentin or enamel) 
presented above support the idea that a Runx2 GRN appeared de novo to mineralize early vertebrate 
tissues, independent of cartilage. These models are consistent with saltational evolution, in which 




VIIC. Bone evolved from mature cartilage 
 
Recently, we proposed an alternative scenario for the appearance of bone that takes 
advantage of molecular genetic and developmental biology principles to offer a more parsimonious 
explanation than the saltational models outlined above (Gomez-Picos and Eames 2015). The fossil 





exceptions suggest that mineralized cartilage might have preceded bone (Smith and Hall 1990b; 
Janvier 1996b; Donoghue et al. 2006). For example, the fossil Palaeospondylus gunni (~385 Mya) 
has an entire endoskeleton composed of hypertrophic, mineralized cartilage but there is no evidence 
of bone in its skeleton (Johanson et al. 2010). In addition, it is possible that trace amounts of 
perichondral bone were lost during traditional fossil preparation techniques, in which case, only the 
more robust odontodes persisted as the first example of bone in vertebrate ancestors.  
We hypothesized that the bone GRN evolved from a cartilage maturation GRN, and this 
assertion complements the previous saltational models by providing a gradualist evolutionary model 
(Gomez-Picos and Eames 2015; Fig. 65C). The many stages of cartilage maturation occurring today 
during endochondral ossification likely evolved gradually over time. Hypertrophy and 
mineralization appeared first, followed by matrix degradation, and finally vasculogenesis, fat 
formation, and endochondral bone deposition occurred (Hall 1975; Smith and Hall 1990b). In our 
evolutionary scenario, a Runx2-dependent GRN slowly evolved these various additional maturation 
stages to the Sox9 GRN that drives immature cartilage. Later, ectopic expression of this Runx2 GRN 
outside of cartilage resulted in the evolution of the bone GRN. For example, expansion of the Runx2 
GRN expression domain slightly outside of the Sox9 GRN expression domain of cartilage might 
produce perichondral bone (Gomez-Picos and Eames 2015). In support of this hypothesis, some 
osteoblasts actually trans-differentiate from chondrocytes, showing the overlapping nature of the 
underlying GRNs (Hammond and Schulte-Merker 2009; Zhou et al. 2014; Park et al. 2015).  In 
addition to providing strong molecular genetic support for the hypothesis that bone evolved from a 
mature cartilage GRN, these recent findings also fall in line with the old adage that ontogeny 
recapitulates phylogeny.  Those osteoblasts that trans-differentiate from mature chondrocytes during 
development might reflect those exact events during evolution.  Alternatively, expression of the 








Figure 65. Evolution of the GRN underlying bone. A) Bone evolved from a deuterostome mineralization GRN. A 
mineralization GRN, likely involving SPARC, operating in mesenchymal cells of a deuterostome ancestor was co-opted 
and modified in NCCs of an ancestral vertebrate.  This ancestral GRN contained many mineralization genes conserved 





of the ancestral SPARC gene generated two paralogs and gave rise to the SCPP gene family.  Since Runx2 drives the 
expression of many mineralization genes in vertebrates (i.e. Sp7, Bglap, and Mgp), it is likely that a Runx2-mediated 
GRN was later established in these NCC populations to give rise to the osteoblast. B) Odontoblasts, ameloblasts, and 
osteoblasts are closely related cell types that may have derived one from another or from a common precursor. Runx2 
is essential for odontoblast, ameloblast, and osteoblast differentiation, by regulating the expression of many bone- and 
tooth-related genes. During early differentiation of dentin/enamel, Runx2 is highly expressed in 
odontoblasts/ameloblasts, and then this transcription factor subsequently has to be downregulated at later stages of 
differentiation. According to this evolutionary scenario for the appearance of bone, another population of neural crest 
cells co-opted the dentin/enamel GRN (regulated by Runx2) to produce bone, the later stages of which also include 
Runx2 down-regulation. C) Immature chondrocytes, developing under a Sox9 GRN, provided a structural and molecular 
“buffer” for the gradual development of a Runx2 GRN. After establishment of the Runx2 GRN in mature chondrocytes, 




Again, the philosophical advantages of this evolutionary hypothesis for the origin of bone is 
its gradualistic nature.  Instead of requiring the de novo, saltational appearance of a Runx2 GRN 
driving bone formation, cartilage provided a “buffer” tissue in which a novel Runx2 GRN could 
evolve that drives production of a heavily mineralized ECM. Once this Runx2 GRN was established, 
the mis-expression of Runx2 in another tissue (NC-derived?) would have resulted in the first 
instance of bone in agnathan vertebrates.  Perhaps the many intermediate forms of cartilage and bone 
highlighted earlier, such as chondroid bone and fibrocartilage, are remnants of the gradual 
elaboration of the Runx2 GRN as it modified immature cartilage.  Interestingly, we note that 
osteoblasts of earlier-derived vertebrates, such as fish and frog, appear to express more “cartilage” 
genes than osteoblasts of later-derived vertebrates, such as chick and mouse (Eames and Helms 





Traditional studies on non-model organisms, along with the advent of the modern molecular era, 
have revised considerably previous hypotheses on the origins of cartilage and bone, as well as the 
relationship of those events to the appearance of vertebrates.  Studies of hemichordates and 
amphioxus have clearly demonstrated that an ability to form cartilage preceded vertebrates in the 
chordate ancestor.  Bone and dentin are vertebrate-specific tissues, and their formation is tied 





the formation of skeletal tissues offers tantalizing clues about the molecular mechanisms underlying 
the evolution of cartilage and bone.  The common theme for the evolutionary scenarios highlighted 
here is co-option of GRN expression.  Once a GRN for differentiating a particular cell type was 
established, additional cell populations, sometimes from different germ layers, could co-opt 
expression of one or two genes sitting at the top of the GRN hierarchy.  As a result, new cell types 
could evolve, or new modifications to that cell type could evolve.  We are very excited that 
comparative transcriptomics, combined with functional genetics, can resolve among the 
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